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I. Contact Mechanics Modeling

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

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

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.
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The continuing advances in ultralarge scale integratldhSI) posed to characterize the surface topography evolution for arbitrary
necessitate the design and fabrication of extremely small devicedayouts. Experiments were also conducted to verify this mbfel.
The existing metallization schemes for interconnects are inadequate On the theoretical side, contact mechanics models have been
for new circuits. A new way to pattern Cu lines by a damasceneemployed to investigate the mechanisms of planarization. A planar
scheme involving trench patterning and deposition followed by elastic pad was assumed for predicting the pressure distribution on
chemical mechanical polishin€MP) has demonstrated a great po- the die surface with various pattern layolt8® A generalized rela-
tential for developments in interconnect technology. Figure 1 schetion between pressure distribution and the pad displacement was
matically shows the copper damascene structure. Copper and diffusroposed. An analytical solution for pattern evolution in steady-state
sion barrier layerstypically Ta, Ti, or TaN are deposited on the regimes was also presented by Chekinal. Based on the model,
etched interlevel dielectri¢lLD) surface. Then a CMP process is the nonunifom polishing rate across different pattern regions is at-
employed to remove the excess Cu and form conductive paths in th&ibuted to the nonuniform pressure on the high features. The low
ILD trenches. It has been reported in the literature that the excess Cfeatures were assumed to stay intact without material being removed
coating is planarized at a rate related to the local pattern geofhtetry. until the deformed pad contacts them. However, the steady-state
In order to remove all the Cu and barrier coating on the dielectricanalysis might be not applicable for some pattern layouts in Cu
surface, so as to isolate the Cu interconnects, the pattern within a digolishing. The pad might be in contact with the low features before
is slightly overpolished and this results in surface nonplanarity. The
within-die nonplanarity might result in the exposure fiédiie-scale
partially out of focus in the subsequent lithography process. More-
over, dishing of the soft Cu surface and erosion of oxide also reduce Ta. Tior TaN |
the thickness of Cu interconnects and increase the electrical resis
tance. Thus the corresponding mechanisms of planarization, dishinc
and erosion must be determined and their impact on process yiels
must be addressed.
Much of the past research on the effects of pattern geometry or:
material removal has exclusively focused on the ILD layer cpiO
polishing®'? Nevertheless, the results of ILD polishing can be
adapted to the planarization stage in metal polishing since the pat
tern geometries are similar. A phenomenological model was pro- (a)
posed to relate the polishing rate of arrays of various features to the
feature dimension and pattern den$iy experimentally determin-
ing the correlation between the polishing rate, feature dimensions
and the neighboring feature layout, the surface profile evolution was
predicted. However, the correlation between the polishing rate anc I
pattern geometry varies with different pattern design, and the tribo-
logical mechanisms of planarization were left unanswered in this
model. Recently, the effects of pattern geometrical parameters, suc
as pattern densityi.e., high feature area fractionpitch, pattern
area, and the ratio of perimeter to area, were extensively sttitlied.
was shown that the pattern density significantly affects the subdie-
scale polishing. The influential range of a specific pattern on the
neighboring area was characterized by a planarization length mea
sured experimentally. A density-based numerical model was pro- )
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Figure 1. Schematics of Cu damascene structueg:before polishing and
Z E-mail: nsaka@mit.edu (b) after polishing.
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Figure 3. Schematic of a moving rigid line structure in contact with an
elastic pad.

@

Fire 2 Schenatcs of he pallernload conlact pleraebiitl sege. and low features is much larger than the pad displacemgand

with pressure specifie@either uniform pressure or ellibtical distributipaon hence the load IS essentially supported by the high fe_atures only. The

the contacting high feature&;) end of the planarization with pad in contact con_ta_ct mecha_lnlcs models are employed_to determine _the pressure

with low area, andd) the onset of dishing and overpolishing. variation on high features and to determine the pad displacement
outside the high features to assure no wafer/pad contact on the low
features. As the pad contacts the low area, however, both high and

the high features reach the steady-state profile. Additionally, the padPW features will be polished concurrently. The pressure distribution
will become ever more uniform while the surface is being gradually

mlc?dhél-not be conformal with the high features as assumed in thISsmoothed down, Fig. 2c. In this regime, the thin, planar Cu layer is

In this paper, models for different polishing regimes of Cu are POlished as in the blanket polishing situation. When the Cu layer is
proposed. Contact mechanics models, with conformal and nonconP0lished through, with the surface planarized, the pressure on both
formal elastic pads, are employed for the planarization regime inCY @nd omdecv:vould be aboutfthe san:]e.Ashsh(c)iy;/fn In F'gb' 2d, thle soft
this paper to focus only on the mechanical aspects of the polishindlterconnect Cu now wears faster than the diffusion barrier layer

process. The effects of the pattern geomdtiyewidth and area 1@ Th, or TaN and the ILD, and the surface of Cu interconnect is
fraction), and the pad elastic properties on the pressure distributiorfished. Additionally, the oxide will be overpolished with the in-
and pad displacement, are investigated to explain the variation of/€aS€ Of overpolishing time, which may deteriorate surface
material removal ratéMRR) on different patterns and the evolution Planarity.
of the surface profile. These contact mechanics models are examined Geometry and boundary conditiarsConsider a rigid line struc-
by polishing patterned test wafers. Moreover, the understanding ofure on the wafer in contact with the elastic pad as shown in Fig. 3.
nonplanar polishing due to pattern geometry will enlighten the studyThe high featuregshaded in Fig. Brepresent the Cu deposited on
of Cu dishing and oxide erosion. The steady-state dishing and erothe underlying oxide and the low areas represent the Cu filled in the
sion will be modeled and examined experimentally in a companiontrenched oxide region. Since the length of the line is much larger
paper. Accordingly, the fundamentals of Cu damascene polishing:ompared with its lateral dimensions, the pattern/pad contact can be
and the mechanisms of within-die nonuniformity of material re- modeled as a two-dimensiongdlane-straii problem. The pad de-
moval are examined, and the important process parameters are idefyrmation is usually much smaller than the pad thickness, and thus
tified. the contact stresses are highly concentrated near the pad surface.
. . With this approximation, the stresses can be calculated by assuming
Contact Mechanics Modeling the pad as an elastic semi-infinite body. Now the boundary condi-
The local pattern geometry affects the pressure distributiontions along the pad surface must be specified to solve the stress and
p(x,y) and thus results in a nonuniform MRR according to the strain field in the elastic pad. On the boundary outside the loaded
Preston equatidﬁ region, the surface is free of stregs,

dh 0, = Ty, =0, |X| > a [2]
gt = KeP(X Y)ve (1]
Within the loaded region, for simplification, the tangential traction is

whereh is the thickness of the layer removedhe polishing time, assumed 10 be negligible in the following analysies,

vg the relative velocity, andk, a constant known as the Preston = —q(x) =0, —a<x<a [3]
constant. The Preston constant is affected by the hardness of the

material being polished, abrasive size, slurry chemicals, and slurryrhis assumption stands only when the friction coefficient at the
transport phenomenon. At the die scale, these factors either remaifafer/pad contact interface is low. Prior experimental results support
unchanged for the same slurry, or vary insignificantly and can bethat the friction coefficient in Cu polishing is about 68Therefore,
assumed to be independent of the pressure and velocity. The objeghe effect of tangential traction on the stresses is negligible. Addi-
tive of contact mechanics modeling, then, is to determine the prestionally, the normal stress within the loaded region can be specified
sure distribution on the feature surface. As shown schematically ing determine the pad tangential and normal displacemefi§ and

Fig. 2, three regimes of polishing of patterned wafers may be POSY, (x) on the entire surface.e.

tulated: planarization, polishing, and dishing/erosion. In the pla-

narization regime in Fig. 2a and b, the step-height between the high o,= —p(x), —a<x<a [4]
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In the contact mechanics literature, this problem has been solvec  §
and the formulation of the pad displacements within the contact

region may be expressed in differential forms°#8 — gfglgienrgﬁgé)Speciﬁed
UL (X) (1-2v)(1+v) ~-—. Uniform Pressure
il = p(x) (54l 4
---- Elliptical Pressure
and
IUL(X) 2(1 = v?) (& p(s) 3
ax  @E ,ax—sds [5b] o
&
wherev is the Poisson’s ratick the Young’s modulus of the pad,

ands a dummy variable 27 )

Uniform pressure distributior—The boundary condition of uni-
form pressure may be applied when a steady-state profile of higlr

———

features is reached but without contact on the low features, Fig. 2b 1+ ;-""' It -
The pressure distribution can be related to the IBazh each high o e
feature|x — n\| < a and the half widtha of the feature as /’ \\
P 3 A
P(X) = o2 (6] 0 . . :
-1 -0.5 0 0.5 1

whereP is the force per unit length on each contact regiorihe

index of the high feature from the center of the specific dfem x/a
—N to N, totally 2N + 1 high features In Eq. 6, the load® on the
high features is assumed to be constant. This would be true when t
features of interest are near the center of a specific pattern area wit
constant linewidth and pitch, and thus its pressure distribution will
not be affected by the different pattern in the neighboring subdie . .
area. Utilizing this boundary condition, Eq. 5b can be solved for the91Ven by the Hertz theory. In this case, both the wafer and the pad

pad displacement over the specific area. The displacement of the pafHe modeled as nonconforming elastic bodies. The pressure distribu-

Figure 4. Pressure distribution in the contact region of the high feature for
rious boundary conditions.

can be written in normalized form as tion in the contact regiorfjx — n\| < a, can be expressed@ds
N 211/2
_ (1-0v%) P X — N\ B [ X
=T %A + P(X) =Pl — |7 (9]
uz(x) wE  2a,5\ 1 a ° a
X — ni\2 X — N\ i i
<inl 1+ ) " (1 _ _ wherep, is maximum pressure on the feature and can be found by
5 2P [10]
X = N\ Po= —
X In[1-— T) + (2N + 1)C, [7] ° ma

As shown in Fig. 4, the pressure distribution can be rewritten as the
normalized form,p (wherep(x) = 2ap(x)/P), vs.the dimension-
less distancex/a

where u,(x) is the normalized displacement of the pad along the
surface, defined as,(x) = u,x)/a, C, is an integration constant
and determined relative to a datuy

(1 2) p 2 4 X 2711/2
=V Xo Xo px) = —|1-| [11]
C, = £ 7a 1+ a In(1+ a) T a
Ll - Xo nl1 — Xo| 8 The elliptical pressure distribution should result in a higher rate of
a n a (8] material removal near the center of high features. However, this will

change the profile of the high features quickly and promote the

The daturx, is arbitrarily chosen on the displaced surface referred Préssure distribution toward a more uniform fashion. Applying this
to the initial surface plane, in which,(x,) = 0. The choice ok elliptical pressure distribution on the boundary, the normalized dis-
’ z 0. . 0

usually needs to refer to the observation on the real deformed suPlacément s given as
N [

face. This difficulty of determinindgC, is a general feature of the
|x — nA| x — n\\? [x — nA|
- 1—-Inf——
a a a

_ 2 N
elastic half-space problems since the conditions at the ends far away T = _4(1 v9) E 2
X — N\

a

X — ni\?

a

from the contacting surface are undefined. To surmount this diffi- z wE 2a ,
culty, the actual shape and dimension of the elastic body and the
boundary conditions at the supporting sides must be considered.
However, if our interest is on the relative shape of the pad surface
and its displacement into low features instead of the movement of its
surface level, the choice af is not important and will not affect the
profile of the pad surface.

-1

] + (2N + 1)C, [12]

Elliptical pressure distribution—Another possible boundary
condition on the high feature is an elliptical pressure distribution whereC, is another dimensionless integration constant
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41 —-0) P [[x\% [Ix Xo\? -3
B L . 1. ) X 10
wE 2a |l a a a
IX,| X\ 2 ____ Displacement Specified
— |n(_° + 0 ] [13] 1.5¢ (Flat Punches) :
a a —-— Uniform Pressure
Rigid flat punches with specified displacemest some cases, 1} | ---- Elliptical Pressure .

it may be simpler to specify the normal displacemey{tx) instead
of the pressure distribution within the contact region on the assump-
tion that the pad conforms to the profile of the high feature. The

solution for this “mixed boundary-value problem” is also given in K]
the contact mechanics literatuf&The general solution of the sin- N
gular integral equation fop(x), Eqg. 5b, in the contact region given
by 05} -
B E a (a2 — s2)2guy(s) d
PO = 2(1 — v¥)(a® - x»)? x—s) as % 1t 1
P
- s -1.5¢ :
,n_(az _ X2)12 [14] 5
For example, in the initial stage of Cu planarization the pattern -2
profile is known from the prior deposition process, as shown in Fig. -6 -4 -2 0 2 4 6
2a. By assuming uniform indentatioay,/dx = 0) across the flat x/a
loaded region, the pressure distribution on an array of high features
|x — n\| < a can be obtained from Eq. 14 as Figure 5. Surface profiles of deformed pad for various boundary conditions.

P
p(x) = m[aZ — (x — N\)2]P2

[15]
close to current CMP practice that area fraction is A% € w/\

Figure 4 also shows the normalized presspres. the normalized = 1 — 2a/A = 0.5), and the applied pressure on the wafer is 50
distancex/a across a high feature for the flat-punch contact. The KPa(7 ps). As shown in Table I, the elastic modulus and Poisson’s
pressure reaches a theoretical infinite at the edges of the high fedatio of the pad are assumed to Be= 500 MPa andv = 0.3
tures due to the discontinuity iau/ox. In reality, a finite radius  (lose to those of the bulk commercial paddowever, for features

retains the continuity obu/ax across the edge and the pressure With dimensions smaller than the sizes of pad asperi@mut

would increase to a high but finite value near the edge. Moreover20-501m), the intrinsic elastic properties of the pad mate(fly-

since the pad material cannot sustain such a high stress, it will yield/réthanémay be employed to calculate the pad displacement. Since
plastically. Thus the pressure would not be higher than the yield/the intrinsic Young's modulus of the pad is higher than that OOf the
fracture strength of the pad. Despite the pressure concentration ne&Prous pac(e.g, about 1.18 times higher fpr thg pad W'.th 15% of
the edges, the pressure is distributed more or less uniformly over thB°r0Sity in volumg, the use of bulk properties will result in overes-
feature and close to about 0.7 times the average preBgRaein the timation of the pad displacement for the small linesout 18%.

contact region. Increase of the load on each high feature proportion--l—he properties of the materials being polished are also shown in the

ally increases the pressure at each point but does not change itc0l€ |- The assumption of rigid punch indentation in prior analyses
distribution. Additionally, Eq. 15 shows that the general shape of the:jS \r;a“d s:]nce tgerr\](m;ngrﬁ mk?ﬂy“hotfhau ma‘ter}atlr? |nvcélved in Cu
curve is not affected by the elastic properties of the pad. : Itailzcsehoewpr)\athilt tﬁeemalj((i:murlr? dis e}aceriecr)]ts gf?r?e. ad for the

The pad displacement outside the high features can be found b hree boundary conditions are a rop'matel of the sar?we order of
substituting the pressure within loaded regions obtained from Eq. 1 u y It pproxi y

into Eq. 5b and performing the integration. The pad displacemen agnitudg. For current circuit design, in which the width of small
can be expressed in the normalized form as eatures is aboutv = 0.18-0.5 pm (or a = 0.09-0.25um for
features with an area fraction of 9,5he displacement of the pad

41 -0 P & X — N\ outside the high features is about 0.03 to 0.08 nm, almost negligible
Uy, (x) = T E 2a 2 compared with the surface roughness of the pad. Therefore, if the
m an=-N a step-height is much larger than the pad displacement, as in the pla-

narization stage of Cu polishindor an initial step-height of about
+ (2N + 1)C; [16] 0.5-1m), the pad will not be in contact with the low surfaces. Thus

X — na\2 1/2
BE
a

whereC; is the normalized integration constant, defined in the case

of single flat punch indentation as Table I. Elastic properties of materials.
21 — 0% P Xo Xg 12 Young's modulus
Ci3=———F——In— + -1 17 i i , i
3 wE 2a |a a2 [17] Material (GPa Poisson’s ratio
Cu 128 0.30
Results Ta 186 0.30
Sio, (TEOS 74 0.20

Pad displacement-The normalized pad displacements for the
various boundary conditions are plotted in Fig. 5 based on Eq. 7, 12,
and 16. The zero on the ordinate is set to refer to the bottom of the 2ASM Metals Handbook, ASM International.
high features. The displacement is calculated based on the geometry® Handbook of Materials Science, CRC Press, Inc.

Rodel pad 0.5 0.30
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the material removal rate on low features will be relatively low

because no abrasion would occur until the end of the planarizatior
process. Additionally, the within-die nonplanarity will result in a

variation of the average pressure on different patterns and affect the
pad displacement. The pressure distribution on different high fea-
tures at the nonplanar surface can be determined numerically base
on Eg. 5 with a displacement specified boundary condition in the
contact region corresponding to the actual surface topography. As
shown later in the Experimental results, however, the effect of mean
pressure variation due to within-die nonplanarity is not as significant
as the local pattern geometry, linewidth, and area fraction on the pac

displacement.

Effects of pattern linewidth—The effects of linewidth on pad
displacement are also illustrated in Fig. 5. For a pattern with con-
stant area fraction, for example, 0.5, the increase of linewidth will
proportionally scale-up the displacement of the pad. Consequently
the pad might start to contact the low area before the topography is
planarized. For instance, the pad displacement is about 20 nm for
100 um wide line. In reality, when the size of pad asperities, about
100-200 nm, and particle size, about 200 nm, are considered, the
low area of a wide featur@nterconnect line, contacting padill be
in contact with the pad in the planarization regifaéout half of the
initial step-height in this cageBy contrast, for submicrometer size
features, the pad asperities cannot reach the low features freely witl
the constraint of the surrounding high features. Hence, the pad doe
not contact the low area until the end of the planarization regime.

Another effect of increased linewidth for the samgis to de-

10

6
@
g
N
3

-3
x10

G35

Displacement Specified
(Flat Punches)

——— Uniform Pressure

Elliptical Pressure

04

0.2

crease théaverage material removal rate on the high feature. Since conditions.

part of the load at some point in the planarization regime is sup-
ported by the low features, the average pressure on the high features

Figure 6. Pad displacements. pattern area fraction for various boundary

decreases and so does the material removal rate. The variation of thgs is shown in Fig. 7 with a dimensionless parametg/E, which

material removal rate for different area fraction regions results in

is close to 10* for the present pad and the nominal pressure em-

variatior_l of process du_ration_ for clearing Cuon th(_e same die. T_hisployed in CMP. However, different pads might be tried to vary the
results in part of the die being overpolished and introduces oxideyegree of surface planarity. For example, some engineering plastics,
thickness variation and Cu loss problems. Additionally, the earlier\yith E about an order of magnitude greater than the polyurethane
the low features are in contact with the pad, the more likely the h5q(about 1-5 GPg or even some soft metals, with a two-order of
surface topography may be partially retained until the end point ofmagnitude greateE (about 10-20 GPamay be tried to improve the

the process. This may increase the surface nonuniformity and start
dishing the Cu in the trenches before the Cu layer is polished

through.

Effect of pattern area fractiar—The effects of the area fraction
are shown in Fig. 6. The normalized pad displacemepta, in- 10
creases with thé;. The three boundary conditions show the same
trends and similar displacement values. Among the three, the ellip- i
tical pressure distribution yields the largest pad displacement for all
A;. For lowerAs, the uniform pressure boundary condition results
in a slightly larger pad displacement in the low area than that of the /
(constant displacement specified condition. Whapis greater than ;
approximately 0.7, the pad displacement is more in the low area for 6 ;
the boundary condition of specified displacement in the loaded re- 3 /

~

N

") ;
¢

x10

e,

gion.
Except for the steep increase of/a with A; at higher area

fraction region,i.e., greater than 0.7, the displacement increases al-
most linearly withA;. Between the area fractions of 0.2 to 0.6, the

slope of the curve is about X 10 3. Thus the pad displacement ~
will be about the same order of magnitude even with a slight varia-
tion of area fraction for the present circuit designs. Therefore, for the - - 7
first few metal layers with fine interconnects, the surface will be
planarized before the pad contacts the low area. Moreover, if the Cu
linewidth is small and the effect of pad displacement is essentially
negligible, the material removal rate and the rate of planarization
will both increase proportionally witth; because the average pres-
sure on the high features is inversely proportionaAto This will
result in a buildup of the surface nonplanarity within the die across
different area fraction regions in the planarization stage of process.

Figure 7. Effects of applied pressure,, and Young’s modulus of the pédel

on the pad displacemerlliptical pressure distribution

.....

Effect of pad elastic properties-The effect of pad elastic modu-
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. . . 10 mm {
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Figure 9. Optical micrographs of the evolution of pattern surfaces
(w =5 pm and\ = 500 pm): (a) initial surface,(b) 2, (c) 3, (d) 4, (e) 5,
. and (f) 6 min.
\
~ 10 mm
other hand, a compliant pad, such as some polymer foamsEvith
ranging from that close to the present gaiout 500 MPadown to
0.5/200 0.7/200 5/200 25/200 one order magnitude legabout 10 MPg may be employed in the
0.0025 0.0035 0.025 0.125 final polishing regime to reduce the load on abrasive particles and
prevent surface scratching. By employing the contact mechanics
models, the desired range pad properties with respect to the range of
0.5/1 0.5/2 0.5/4 0.5/10 applied pressure to satisfy the requirements at different process re-
05 025 0.125 0.05 gimes can be determined.
Experimental Validation and Discussion
0.5/50 1/100 2/200 5/500 Experimental conditions-As shown in Fig 8, a Cu damascene
0.001 0.01 0.01 0.01 structure has been designed to verify the results of contact mechan-
ics modeling. The pattern for each die (¥010 mm) consists of a
matrix of 2.5X 2.5 mm blockssubdig. These blocks in turn con-
2/4 25/50 100/200 Fleld sist of line-space features, whose dimensions are close to the scale
0.5 05 05 (No feature) of the Cu interconnects on current chips with a minimum linewidth
of 0.5 um and a maximum linewidth of 10@m. The area fraction
of the experimental mask ranges from 0.01, representing an isolated
. . . line, to 0.5, representing a dense packing case. This pattern is trans-
Linewidth (um) / Pitch (um) ferred into a 2um thick SiO, coating by lithography on a 100 mm,
Area Fraction (100 orientation silicon wafer. After oxide trenches are etched to a
depth of 1um, a 20 nm thick Ta barrier layer is deposited, followed
by a 1.5pm thick Cu film, by physical vapor depositidRVD). The
Figure 8. Schematics of the CMP maska, top mask layout andb, bot- step-height of the features is a function of the trench width and the

tom) pattern geometry layout.

surface planarity. Figure 7 indicates that the pad displacement will
decrease proportionally with the increasefor the decrease of
pa/E value. The results can be applied to the pad displacement a -
both the low feature and the lower subdie region which has beer

polished down faster due to a higher area fraction than the surround 59

ing low area fraction region. By using a stiffer pad, the surface level
of two distinct area fraction regions may be maintained at a small

difference and retain the surface planarity across the die. On the A2 FE2

Table Il. Properties of slurry.

Abrasive a-Al,04

Particle sizepm 0.3 @ (e) ®

Particle hardness, MPa 20,500

Concentration, vol % 2-3 Figure 10. Optical micrographs of the evolution of pattern surfaces
Viscosity, Pas 0.03 (w = 100 pwm and\ = 200 pm): (a) initial surface,(b) 2, (c) 3, (d) 4, (e) 5,

pH 7 and (f) 6 min.
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Table Ill. Experimental results of step-height evolution at planarization stage.

Step-height at different durations

(nm) Rate of
Linewidth w Pitch, A planarization

(pm) (rm) N 2 min 3 min 4 min 5 min 6 min (nm/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

pattern density. The mask layout and the corresponding area fracstage since the step-height after 6 min of polishing is generally
tions of metal interconnect lines with respect to the spewifand\ larger than twice the rms surface roughness, about 10 nm. The rate
are shown in Fig. 8. of planarization is defined by the reduction rate of step-height,
In this set of experiments, low hominal pressure of 28 (@Ppsi) which indicates how fast the surface topography can be removed in
and linear velocity of 0.46 m/s were employed to decrease the mathe planarization process. It is found that the rate of planarization is
terial removal rate for a longer period of planarization than the nor-strongly affected by the area fraction of the pattern but less by the
mal CMP conditions. A neutral slurry with 4 vol % of Opdn Al,O4 linewidth. For A
abrasive particles was used to focus on the mechanical aspect of the 0.5, the surface was planarized at a rate about 220 nm/min, twice
process and verify the contact mechanics models. The compositiothe rate of blanket Cu polishing, about 100 nm/min. For sraalbf
and the properties of the slurry are listed in Table II. In addition, the 0.01, the planarization rate is close to the blanket rate, about 140
polishing experiments were conducted on the grooved commerciahm/min.
polyurethane pad, Rodel 1C-1400, and conditioning was performed The time evolution of step-heights for patterns with 0.5 area
between each polishing to retain a similar surface condition of thefraction is shown in Fig. 11. Again, the high features of 2, 25, and
pad. The initial and polished profiles of the patterns were recordec200 um line structures were planarized at a similar rate. Since the
by a stylus profilometer and the atomic force microsc@ffeM), for  Jow area is not polished in the earlier stage of planarization, up to 4
coarse and fine structures, respectively. min according to the experimental observation, the rate of material
removal at the high feature can be estimated based on the rate of
step-height reduction. The dashed line in the figure represents the

face(w = 5 pm and\ = 500 um) is shown in Fig. 9. Due to the least square fit of the data before the low area is in contact with pad,

high refleptant_:e of Cu,_ the L_anolished, '_scratch-free high feature%\/hich indicates that the MRR on the high features is about 305
appear bright in the optical micrograph, Fig. 9a. The walls between

the high and low surfaces appear dark in bright-field illumination nm/min. After about 5 min of polishing, the pad starts contacting the

since less normal incident light is reflected. The low features are IesIOW area when the step-height reaches about 50 to 200 nm, depend-

reflective because of the coarse microstructure from the Cu deposl?-ng on the linewidth of the patterns. The rate of planarization re-

tion. After 2 min of polishina as shown in Fig. 9b. the surface of duces to about 130 nm/min before the surface is planarized, about
C p 9 'g. 9b. 1 .~ half that before the pad contacts with low features. This suggests
high features was slightly roughened, but is still highly reflective

compared with the low area. The same coarse microstructure of the
low area indicates that the pad does not contact the low area, as
predicted by the contact mechanics models. Moreover, the bound- 1400
aries between the high and low features become less distinguishabl %
and wider due to the rounding at the edges. This has been explaine \ X 2.0pum
in the earlier theory section by the high stress concentration arounc % N\ '

; > Lo T 1200% v 25.0um
the sharp edges in the early stage of planarization. Similar surface \ 0 100.0 ym
morphology was found in Fig. 9c, d, and e for polishing 3, 4, and 5 '
min. Nevertheless, after 6 min of polishing, as shown in Fig. 9f, the 1000
surfaces of both high and low features are roughened. Therefore, th: N
pad is now in contact with both the high and low features and both .
surfaces are polished. 800 \

Figure 10 shows the evolution of a different pattern with much -
larger linewidth, 10Qum, and 0.5 area fraction with 2Q0m pitch.
The trend of surface evolution is similar to the prior case with small & 600
line and area fraction. Few scratches were observed on the low are+
because large contaminant or agglomerate particles might be trans 400} \
ported into the trenches and contact with pad asperities to abrade th 0
surfaces of low features. Additionally, the low area starts to be &
roughened at about 4 min of polishing, earlier than that of the prior 200 |
case. This implies that the pad contacts with the low features in the
planarization stage for wider lines, which suggests that pad displace é g

6

The evolution of patterns-The evolution of the patterned sur-

Height, nm

Ste

ment increases with the linewidth. A qualitative comparison between 0 . .
the theoretical prediction and the experimental results of the pad 0 2 4
displacement is given in the next section.

8 10
o _ _ Time, min
Effect of pattern geometry-The remaining step-heights of vari-

ous patterns at different polishing durations are listed in Table Ill. Figure 11. Time evolution of step-heights for patterns with constant area
For the features of interest, the process is still in the planarizationfraction 0.5 (/A = 0.5) and various linewidths.
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the trenches on the wafer surface might help transport the slurry and
thus increase the MRR slightly.

Conclusions

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

1. Three different boundary conditions, displacement, uniform
pressure, and elliptical pressure distributigtiertzian contagton
high features, were specified to represent the initial stage, steady-
state stage, and pattern/pad nonconformal situation. For each condi-
tion, the pad penetration into low features of submicrometer lines is
insignificant compared with the surface roughness of the pad. There-
fore, the applied load is carried by the high features during pla-
narization and the material removal rate increases with the area frac-
tion of Cu interconnectgi.e., the percentage of the low feature
area.

2. The pad displacement increases with the increase of linewidth

2 4

6

Time, min

10 and area fraction and with the decrease of the pad elastic modulus.
For the wider Cu feature@bout 100pm) at the higher levels of
interconnects, the pad may start to contact low areas and reduce the
rate of planarization and retain the surface topography. For area

Figure 12. Time evolution of step-heights for patterns with constant area fractions of about 0.5, the pad displacement does not vary signifi-
fraction 0.01 /A = 0.01) and 2 and p.m linewidths.

that now the load is uniformly supported by both low and high areas
rather than just 50% of the high area in the earlier stage.

For the wide features, it is shown that the pad starts to contact th
low area much earlier before the topography is planarized. For in-
stance, the low area for the 1Q0n line has been polished when the
step-height was about 350 nm. This step-height is larger than th
pad displacement predicted by the contact mechanics model, whic
is about 20 nm. In reality, when the size of pad asperities, about
20-50 um, and particle size, about 300 nm, is considered, the low
area of a wide featurénterconnect line, contacting padill be in
contact with the pad at the earlier planarization regime. By contrast
for micrometer or submicrometer size features, the pad asperitie
cannot reach the low feature freely with the constraint of the sur-
rounding high features. Hence, the pad does not contact the low are
until the end of the planarization regime. Therefore the high feature

cantly with the area fraction. Additionally, the models can be used to
choose the desired elastic modulus of the pad to help improve the
surface planarity for given conditiongressure, pattern geometry,
etc).

3. The contact mechanics models cannot be applied when the
éurface uniformity is small, as at the end of the planarization stage
and the dishing and erosion regimes, because pad roughness and the
particle/wafer contact conditions are difficult to obtain. On the other
gand, the nonuniform MRR in different density regimes across a die
fan be explained by the contact mechanics model.
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will be polished further down before the low feature has been pol-costs of this article.
ished, as in the case of2m lines.

On the other hand, as shown in Fig. 12 for the patterns with 0.01
area fraction and linewidth 2 and jom, the high features are re-

Appendix
Microcutting Model of Polishing

moved at a lower rate of about 140 nm/min for the first 6 min. The

high area is polished slowly as on a blanket area because of the The wear equation is another way to represent the volume worn
small area fraction. Since the removal rate on the high features isn sliding or abrasive we&t?2

low and the linewidth is small, the low area remained unpolished

during the polishing period. The MRR on the high area rate is about LS
half that for 0.5A; in the earlier planarization stage. These imply

that the average pressure on each subdie is similar and the nonuni-
formity of material removal rate across a die is essentially due to they;

[A-1]

where V is the volume removedl. the load on the samples the relative sliding
stanceH the hardness of the worn material concerned, lgpib the wear coefficient.

nonuniform pressure diStribUti(_)n on the high features affectedi; may be noted that the wear equation is concerned only with the total worn volume,
mainly by the pattern area fraction.
Moreover, the MRR of high features for a 0.01 area fraction is It is also found that the wear coefficient, to a first approximation, can be used to

much higher than the blanket rate, and is slightly higher but close t
the blanket rate after the pad is in contact with the low area with

regardless of whether the surface is worn uniformly or the size of the contacting surface.

categorize the wear processes, the wear coefficient will be approximately the same
Ofor various materials if the wear mechanism is the same.
Equation A-1 can be expressed as the volume wear rate form

uniform pressure distribution. This can be explained by the effects

of surface nonplanarity across subdie areas of different area frac-
tions. The high area fraction area will be planarized faster than the

o
<

kL
R [A-2]

o

t

low area fraction. Based on the contact mechanics model, the area of

low area fraction will on average support a higher normal pressure

wherevg (= dSdt) is the relative velocity of the two surfaces in contact. If the
removal across the surface in contact is assumed to be unif@mthickness of the

However, co_mpared with a single |_ine, thQ pressure diﬁefrence betayer removedh is constant across the surface, Eq. A-2 may be further written as
tween the high and low area fraction regions usually will not be

large because the subdie area is wide so that the pad can displace dh  ky
into the low subdie region and even out the pressure. Additionally, a

[A-3]
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(b)

of the cross section of the grooveéw/2, and the sliding distance of the partici,
Hence, the wear coefficient thus can be determined by Eq. A-1 as

K _VH B (dwS2)H _ tan® A6
e [A-6]

The same treatment can be applied to an abrasive with a spherical tip, as shown in

Fig. A-1b, which might be closer to the actual shape of the abrasive particles. The
geometry of the groove can be related to the radius of the particley,

r2=(r — d)? + (w/2)? [A-7]

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

d= — [A-8]

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

W
= —H [A-9]
w2 ) (3 2] e

Prior experimental results by the authors showed that the wear coefficient in CMP
conditions is less than these estimated by the microcutting middes implies that the
material is not cleanly sheared off by a single pass of the abrasive particle. This point is
also supported by the observation that no chip-like wear particles were found on the
worn wafer or post-CMP pad surfaces. Instead, ridges were formed along with some
deeper and wider grooves, which suggests particle plowing. In fact, early research in
abrasive wedf found that when the attack anglébetween the abrasive and the coating
surface is smalli.e., the rake angle is a large negative valuarge plastic deformation
occurs at the surface and in the subsurface region below the contact. Since the penetra-
tion depth in the CMP condition is usually very shallow, the attack angle for any shape
of particles will be very small. Therefore, it is more likely that plowing will prevail
rather than cutting.

On the other hand, if the chemical aspect is important or dominant in material
removal, the wear coefficient and the Preston constant are also determined by the
chemical reaction, slurry composition, and the slurry rate and dispensing phenomenon

at the interface. This is beyond the focus of this paper and is not discussed here.

Figure A-1. Schematics of microcutting model in polishin@) with conical
shape abrasiveb) with spherical shape abrasive.

List of Symbols

A; area fraction of metal pattern
a half-linewidth of the metal pattern
Cy, C,, C3 integration constants
This is identical to the Preston equation in Eq. 1, and the Preston cokgtarthe ratio fd gi?:aﬁz)t?;?pr;?d s()(;ra;:]c: abrasive particle
of the wear coefficient to the hardness of the worn surface. It may be noted that Eq. A-3 Q thickness of the material removed on wafer surface
can be used on both global as well as local scales. k. Preston constant
If only the mechanical aspect of the polishing is concerned, it was shown by the kp wear coefficient

authors that plastic deformation of the surface material by particle abrasion is the domi- f normal load on the wafer
nant mode of material removaln this case, the microcutting model can be employed P load per unit lenath on a high feature
to estimatek,, and the material removal rate. In this model, abrasive particles act as P normgl traction c?n the Wafe? surface

single-point cutting tools and produce shallower and narrower grooves under the
smaller load than those in grinding or other abrasion processes. Hardness determines the
depth of particle penetration and, therefore, the material removal rate and surface finish.
The abrasive is normally harder than the surface being polished to maintain a high rate
of material removal. The frictional force is mostly due to the resistance of the soft
surface being polished to plastic flow. Upper bound estimates for the material removal
rate in the microcutting mode have been made in the past by idealizing the shape of the
abrasive tip as a cone or a sphét&®

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

c
x
<
s <N:|r\4:,—>(_/)_oou

maximum normal traction on a high feature
tangential traction on the wafer surface

relative sliding distance

experiment duration

normal and tangential displacements of the pad
normalized normal displacement of the pad
volume loss due to wear

relative linear velocity of wafer

pattern linewidth

X, Yy, z Cartesian coordinates
w X, position of a datum on the displaced surface of pad
d= 2 tan6 [A-4] Greek
whered is the depth of the groovew the width of the grooves, artiithe angle between Ah oxide overpolishing
the abrasive and the surface. The normal fofge, on the particle is support by the & Cu dishing

pressurep, at the contacting interface, which is assumed to be the pressure on the soft A
surface at yielding. Since only the front half of the cone is in contact while sliding, the 6
normal force can be calculated simply by multiplying the projected area of the contact- v

pattern pitch
angle between the abrasive and the sworn surface
Poisson’s ratio

ing surface with the pressure at yielding of the worn surface. Thus o, normal stress on the pad surface
Ty; Shear stress on the pad surface
ww?
fo= 5P [A-5] References
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