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Abstract—The Chemical-mechanical polishing (CMP) process is
now widely employed in the ultralarge scale integration chip fab-
rication. Due to the continuous advances in semiconductor fab-
rication technology and decreasing sub-micron feature size, the Barrier

characterization of erosion, which affects circuit performance and =] Layer
manufacturing throughput, has been an important issue in Cu Dielectric
CMP. In this paper, the erosion in Cu CMP is divided into two lev- (Si0,)

els. The wafer-level and die-level erosion models were developed

based on the material removal rates and the geometry of incom- @)
ing wafers to the Cu CMP process, including the Cu interconnect

area fraction, linewidth and Cu deposition thickness. Experiments

were conducted to obtain the selectivity values between the Cu, =~~~ ooy~~~ """y~ T TTTLV Y
barrier layer and dielectric, and the values of within-wafer ma- | | I_I U | | U I_l
terial removal rate ratio, 3, for the validation of the new erosion

model. It was compared with the existing models and was found
to agree better with the experimental data. ®)

Cu

Index Terms— Chemical Mechanical Polishing, Erosion, Semi- L .
conductor Manufacturing Dishing Erosion
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I. INTRODUCTION

ONTINUING advances in ultra-large-scale integration (c)

technology necessitate the design and fabrication of ex- _ _ . o
tremely small features of higher resolution, denser packing afjél 1. Schematics of a single Cu interconnect layer of (a) before polishing

. . and after polishing (b) ideal case (c) real case (there exist non-uniformities due
multi-layer interconnects. Recently, copper has emerged tge different material and pattern geometries)
the optimal interconnect material because of its low electrical

resistivity and great resistance to electromigration. Patterned

Cu lines are produced by a damascene scheme involving ging nolished [1-5]. Although the ideal Cu CMP process fin-
ide trench patterning and Cu deposition followed by chemicglyeg polishing the excess Cu and barrier layer at the same time
mechanical polishing (CMP). The current success in producigger the entire wafer as shown in Fig. 1(b), there often exists a
high resolution interconnects is due to the excellent local aﬂ@n—uniformity in the real case, as shown in Fig. 1(c), caused
global planarization capabilities of the Cu CMP process.  ,y gifferent material removal rate for each layer material and

Fig. 1 schematically shows a single Cu interconnect layg{e ynderlying pattern geometry. Since the end-point of the Cu
structure before and after CMP. A diffusion barrier layer an@\p process occurs when the excess Cu and barrier layer is re-
Cu are deposited on the etched dielectric trenches as showp\,eq completely, there are overpolished dielectric areas, and
Fig. 1(a). Then the Cu CMP process is employed to remoygiting dielectric thinning or so-called erosion. Moreover, be-
excess Cu and the diffusion barrier layer without excessive 1g8§,se the soft interconnect Cu is polished faster than the hard
of interconnect lines and the dielectric. It has been reportg|ectric material, the Cu line is dished, i.e., there exists a rel-
in the Ilte_rature that the material removal rate in the Cu CMg_’tive height difference between Cu interconnect line and the
process is related to the local pattern geometry and mate%\ﬁﬁacentdielectric material as shown in Fig. 1(c).
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—|=kp-p-vr (1)

whereh is the thickness of the layer removedhe polishing
time, p the nominal pressurey the relative velocity, and;, N
a constant known as the Preston constant. In recent years, it AN
has been demonstrated that the above relation is also valid for y X
metals [1, 5, 7] as well as ceramics [8]. The Preston equation
describes the local material removal rate for each point on a
wafer. Thus, the Preston constant can be different for each point Die 1 Die 2
on a wafer, and is affected by the hardness of the material bei@g ____________________________________
polished, abrasive size, slurry chemicals and slurry transport.

Also, the local pressure and relative velocity distribution must —_— — 4
be known. t, _-L-FLFI'. e, u Ij u LI u

Dishing and erosion problems in Cu CMP have been ad-
dressed in several studies [2, 3]. It has been reported that ero-
slon '_S mo_re S|gn|f|cant than dIShlng. in the small Cu 'ntercorﬁg. 2. Time evolution of a polishing surface at two different dies in a wafer
nect linewidth regions, such as device level features, and tlating CMP process, which accounts for wafer-level erosignand die-level
dishing is more important than erosion in the large Cu linewidfiosion.e2: material removal rate in die 1 is higher than that of die 2.
region of top layers of a multi-level Cu damascene structure.
The continuous advances in semiconductor fabrication techn
ogy and decreasing sub-micron feature size make it more i

’ dh
dt

ﬁgr layer are completely removed, there are always other over-
BBIished regions. Erosion in Cu CMP is defined as the amount

poIrDtant tto fhharacter;ze_:he ;aros[[on_ 'T Cu CMT'b hani Ef overpolished dielectric thickness with respect to the original
ue to-the complexity of material removal by mechaniCayje|ectric film thickness as shown in Fig. 2.

chemical and chemomechanical interactions in the CMP pro

. . . . "Because the erosion in Cu CMP is due to the different mate-
cess, previous efforts to characterize the relationship betwer%” removal rates between two points on a wafer, it is essential

erosion a.nd process parametgrs are confined to eXpe”me{btaéonsider the thickness change of any two points on a wafer
characterizations and parametric studies on such pattern PAAPihe erosion characterization. Fig. 2 shows time evolution

eters_ as area f_raction and linewidth [4, 7, 9, 10]. Though a fe(yy polishing surface at two different dies on a wafer during the
semi-quantitative models have been proposed [2, 3], the fLEI

. . ) iy CMP process. The material removal difference causes non-
damentals of erosion and its relation to pattern geometry aﬂﬁi

. o . formities at two levels: wafer-level and die-level. To char-
material properties in the Cu CMP process are still not fu”é{cterize wafer-level non-uniformity, two points, which are lo-
understood. ' '

. . . ated on the different dies but have the same feature pattern
.In this S.tUdY’ a systematic way of charactenz.mg and MOfeometries are considered. Whenever each feature of same pat-

eling erosion in Cu CMP is presented. An erosion predlcuq m geometry on Die 1 and Die 2 are compared, Die 1 will

scheme'based on the local pressure distribu_tion to focus on Iways be polished faster than Die 2 because of its ,higher mate-

mechanical aspects of the polishing Processis suggested. M?@'removal rate. To characterize die-level non-uniformity, two

over, a theoretical frame_work for relgtm_g the Process paraMisarent feature pattern geometries on the same die are con-

ters to wafer-level and die-level erosion is established. sidered. At a certain time, two different features on a die will
have different material removal rates. Generally, a feature with

Il. THEORY a large area fraction of Cu interconnect lines will be polished
faster than a feature with a small area fraction.

) _ ) In this study, based on the schematics in Fig. 2, wafer and
Every point on a wafer has a different material removal ralfie-level erosion are defined as andey, respectively.e; is

due to different chemical effects, pressure, relative veloCityefineq as the amount of overpolishing from the original di-
slurry transportation and initial topography. The material rege tric thickness with respect to a local reference point. The
moval rate in the Preston equation contains the local infqfeq) reference point can be any point which has same pattern
mation for the Preston constant, pressure and relative Velgesy re in each die:, is defined as the dielectric layer thickness
ity rather than wafer-level mean values. This means that igterence with respect to each local reference point, which is
local information should be addressed first when the matermlaimy dependent on the pattern geometry. The blanket area of

removal rate in Cu CMP is considered. each die is considered as a local reference point.
The ideal Cu CMP process completely removes the excess

Cu and the barrier layer at the same time over the entire wafer, ) ]

and ends before removing the dielectric pattern as shown in Fy. Effect of relative velocity

1(b). But it is well known that material removal rates differ be- To consider the kinematics of the Cu CMP process, a coor-
tween any two points on a wafer because of the non-unifortinate system for a rotary polisher is shown in Fig. 3. The
process parameters. Because the end-point of the Cu CMP podational centers of the wafer and the platen @igand O,,
cess should be the time when all of the excess copper and lzard the angular velocities axg, andw,, respectively. The two

A. Definition of erosion
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Fig. 3. Schematic of the coordinate system for a rotary CMP process

rotational axes are normal to the polishing plane with an offse h. h,
3
Tee- . A .
The magnitude of relative velocity at poift(r,#) in the < > l l

wafer can be expressed as:

Fig. 5. Definition of basic terms used in the erosion model.

VR = \/w27‘2 + (W — wp) 212 — 2wy (wWyy — Wp)Teer cos O
(2) that of the wafer,¢ = 0.5), the variation of wafer level non-

The material removal rate at positidt(r, §) is compared to uniformity due to relative velocity is only 2%, which is within
the material removal rate at the center of the wafer. To inve@irrent semiconductor industry specifications [11].
tigate the effect of relative velocity only, the Preston constant, Based on this simulation, two important statements can be
k,, and pressurey, are assumed uniform over the wafer. Alsgmade. First, a direct effect of the relative velocity variation on
a new variabley is introduced ag = (w,, — w,)/w, to rep- the wafer-level non-uniformity isot a significant factor in the
resent this material removal rate ratio in a dimensionless forMP process as it has been considered. This means that the

Eq. 2 shows that the relative velocity is a function of positiofflative velocity,ug, in the Preston equation can be separated
coordinate £, §) if other operating conditions such as,, w, @S anindependentvalue and considered as a constant. Yetitcan

are fixed during polishing. Because is periodic withd, thiz still be considered as one of the factors which affect the Preston
material removal rate can be integrated for each revolution @nstant as shown in the slurry transportation analysis and the
the wafer and expressed as a function-adnly. Finally, the Polishing. Sec_ond, there may exist a slip b_et\(veen the wafer and
material removal rate ratio between any positidfr) and the the wafer carrier pad, but the amount of slip is small enough to

center of the wafer can be represented as: be neglected.
C. Basic material removal rate prediction scheme
MRR(r) _ve(r) _ [ L 2 on-" cosd Fig. 5 shows basic terms for the general material removal
MRR(r=0) wprec n ce nrcc rate prediction in the Cu CMP process. There are several fac-

(3) tors which should be considered as main parameters for erosion
Fig. 4 shows the result of the material removal rate raticalculation.

for differentn and this result suggests some important points Although the Preston equation represents a local material re-
about wafer-level non-uniformity. When = 0 (w,, = w,), moval rate at any point on a wafer, it is often used as an average
the wafer-level non-uniformity due to relative velocity disapmaterial removal rate on the wafer level in the case of a blan-
pears, which can be an optimal operating condition for the rket wafer polishing. In this case, the Preston constant, pressure
tary CMP machine. Although the wafer-level non-uniformityand relative velocity are considered as uniform over the entire
due to relative velocity increasesmamicreases, the effect of thiswafer. Also, it is shown that the relative velocity can be sepa-
variation can be considered small compared to other sourcesaied from the Preston equation because the local distribution of
variation for wafer-level non-uniformity. For example, whenelative velocity does not have a significant effect on the wafer-
the angular velocity of platen is as much as 50% greater thiawel non-uniformity. Finally, a new dimensionless tegis
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Fig. 6. Definition of Cu interconnect deposition factey « is strongly re- ) ) o )
lated with the original Cu linewidth. Herey; = 5um,a; = 0.9,wy = To include the wafer-level non-uniformity in the erosion

0.5um, a = 0.1. model, a new parametgris introduced, which represents the
material removal ratio between two points having the same pat-

introduced as the product of the Preston constant and the a{@fd geometry on different dies in a wafer as shown in Fig. 7.

age pressure, which represents a normalized material remd9He to the different material removal rate on these two points,
rate of a blanket wafer. [ can be any positive value. In this stugyis set to be in the

range of0 < 8 < 1, in order to make it consistent with other
X = kp - Dav (4) Vvariables. Following the definition ¢f, the wafer is perfectly

. . flat when3 = 1 and the wafer-level non-uniformity decreases
The normalized material removal rates of blanket Cu, barrlggﬁ increﬁses y

layer material and oxide wafer are representegas, x, and
Xoz- Additionally, the selectivity can be defined as the blanket
wafer material removal rate ratio of two different materials. For |%| diel  Xdiel
instance, the selectivity of the Cu and the oxide can be repre- B=g—="—
sented ag<x . |9 ldiez  Xdie2

Patternxézeometry in Cu CMP can be represented by two pa-
rameters: area fraction and linewidth of Cu interconnect lines.Another factor to be considered is the local pressure distribu-
Both parameters can be measured by the original mask pattigf) parametery, which is defined as a ratio of Cu interconnect
and define the pattern geometry of the Cu damascene structlii@ pressure and average pressure. When polishing starts, the
Ay is defined as the mask pattern area ratio of the Cu intercdtd contacts the top surface of a wafer, which is affected by the

0<pB<1) 7)

nect line. Cu deposition pattern. In this period, the valueyatan be set
at zero because the deposited pattern line is empty and the pad
Ap = C 0<A; <1) (5) deformation is restrlcted: As the pattern is pollsh_ed, the whole
T Avotal ' wafer surface starts holding pressure anchthealue is changed

Much of the past research about the effects of pattern geoid-one. As soon as the pad starts contacting the diffusion bar-
etry on the material removal rate has focused on the interleviglr layer,~ value starts decreasing from one to zero since the
dielectric (ILD) layer, and it is well known that the material rematerial removal rate of the barrier layer or the dielectric region
moval rate during polishing is mainly proportional to tjf‘ér,- and the Cu interconnect is different. Thigparameter is closely
[12]. *  related to dishing. In this study, the effectpfon the erosion

Although the underlying pattern geometry of Cu damasceR&oblem is considered as the local pressure change.
structure can be represented Ay andw, there is another fac-
tor which should be included. Most of the polishing time in the Peu
Cu CMP process is for the excess Cu removal stage. Due to the V= (0<y<1) (8)
characteristics of the Cu deposition process such as physical va- “
por deposition (PVD) and electroplating, the initial Cu pattern

; L i : The basic material removal rate prediction scheme at each
is quite different from the original mask pattern. It is observed . A
r?elght stage in Fig. 5 can be represented based on the local

that the initial Cu pattern linewidth is smaller than the origing essure distribution analysis. Initially, the pad starts contactin
Cu interconnect linewidth in the PVD Cu patterned wafer a é ySIS. Y. P 9

that the ratio of these two linewidths is mainly dependent Onoesitt(i)gnOf;?tzmaf((:g;ug?ceﬂ\:ve h:gza'“s flr"eesdsxvrléhir?%ivswgaa Si-an
the original Cu interconnect linewidth as shown in Fig. 6. TE P 9 Y- P 9

. . o . e represented qs”— and the material removal rate becomes
characterize this ratiay is defined as: P —aAf

Lot After the pattern is polished, the material removal rate
f

becomes the same as that of the Cu blanket material removal
Q= Wup = A Woriginal (0<a<1) (6) rate untilthe pad contacts the barrier layer. When it starts pol-
original ishing the barrier layer or the oxide layer, theffects the lo-
Whena = 0, the top surface can be treated as a blankgh| pressure distribution as,, (11— :f) and the material re-
. S —A;
region regardless of the initial pattern geometry. Whes 1, _ A 1A
the deposition pattern reflects the initial pattern with the sarfigoval rate is changed te,vr ( 1,Aff> andxo.vr ( 1,Aff),
area fraction and linewidth. respectively.
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Fig. 9. Schematics of the CMP mask: (a) mask layout and (b) pattern geometry
layout

(b)
thinned by overpolishing during this period, the erosion time

Fig. 8. Schematics of time-based erosion calculation for (a) wafer-level erdcr can be determined as:
sion (e1): compared between same feature points on the different dies and (b)
die-level erosiond>): compared between two points on the same die.

AT=7—17 (15)

Wafer-level erosiong;, can be obtained by considering the

dh . . . : S _
ho < h < hy ah| _ XcuUR ©) oxide removal at Die 2 during erosion time intervat
dt 1-— OéAf
hi < h < hy dh = XCuVR (10) 1 — Ay
dt v €1 = XozVR ﬁ -AT
dh 1—~Ay ’
hy <h <h —| = — 11 1 oz [(1—7A
2 < h3 7 vaR(l_Af> (11) _ (1){)(. <7f) [(l—aAf)(ho—hl)
dh 1 — A d xou \ 1= 4y
hs <h<ha|Gp| = Xorvm <1 myy ) (12) = ha)| + 22 (e~ )| (16)

To consider the wafer-level erosion specifically, a local ref-

_ _ ) erence point for each die needs to be selected in order for the
The erosion at each stage can be derived by applying the Bartern effect to be disregarded. In this study, a test mask set has

sic material removal rate calculation scheme_for corrgspond@g different pattern features and 1 field (no pattern) region per
pattern geometry. Fig. 8 shows a schematic of a time-basgghh die as shown in Fig. 9. The field region with no feature is

erosion calculation model. chosen as a local reference point for the current erosion model.

Wafer-level erosiore; can be modeled by comparing tworhys, wafer-level erosion, for the local reference points for
points with the same features on different dies, as shown in Figych die can be rewritten as:

8(a). If Die 2 has a higher material removal rate than Die 1, the

time that the oxide layer of Die 1 is exposed to the polishing

pad,r, will be longer than the time for the Die 2 case, = o — (1 _ 1) |:Xo:v (ho — ha) + Xoz (hs — hs) (17)
can be calculated by using the basic material removal calcula- I} XCu Xb

tion scheme as:

D. Wafer level erosion

Eq. 17 shows that there are two parameters that significantly
ho—hy  hi—hs he — hs determine the amount of the wafer-level erosion in the Cu CMP

L = "Xcuvr XCuUR 1—yAf (13) process. One is the wafer-level non-uniformity fagtand the
1mads XbUR ( 1—4; ) other is the blanket material removal rate ratio among the Cu,

By applying the wafer-level non-uniformity factgk, 7 can Parrier layer and dielectric.
be simply expressed as:

E. Die level erosion

Ty = lﬁ (14) To specify the amount of die-level erosiogy, two points

p with different features on the same die are considered as shown

After the oxide layer of Die 1 is exposed to the polishingn Fig. 8(b). According to the basic material removal rate cal-
surface, the polishing still continues until the time becomes culation scheme, Feature 1 with a larger area fraction of Cu
which means that all excess Cu and barrier material on the botterconnects is polished faster than Feature 2 with a smaller
dies are removed. Because the oxide layer of Die 2 will larea fraction. The time that the oxide layer of Feature 1 and



Feature 2 are on the polishing surface can be obtainedarsd TABLE |

75, respectively, by using the basic material removal calculation EXPERIMENTAL CONDITIONS
scheme.
A L L A h L Parameters Value
T = >?cule ,1 2 2 - 3A (18) Diameter of Wafer (m) 0.1
1—aAy XCuVR XbUR ( 1,’YAff) Normal Load (N) 391
Normal Pressure (kPa) 48
Rotational Speed (rad/s) 7.8
Ty = h)?c:vzl hi — he + ha 1_ th (19) Linear Velocity (m/s) 0.70
T—asA;,  XCuUR  ~ypop (#) Duration (sec) 60-360
T2 Slurry Flow Rate (ml/sec) 2.5

After the polishing surface reaches the top of the oxide ma-
terial on Feature 1, the polishing still continues until the time TABLE Il
becomesr, at which time the oxide layer on Feature 2 starts
being polished. Because the oxide layer on Feature 1 will be
thinned by overpolishing during this period, the erosion time,

BLANKET MATERIAL REMOVAL RATE

Ar. can be represented as: Abrasive Material AbO3 Alo0O3 SiIO, CeO
Abrasive Particle Size (nm) 1000 300 1000 1000
AT =1 —7 (20) Ccu 489 213 372 49
General die-level erosion, can be calculated by considering Ta 27 13 128 149
oxide material removal in Feature 1 during the time dap TaN 25 12 72 4
Sio, 34 14 383 123
4 Unit of MRR = nm/min
1 —mAp
= STAR ) A 21
€2 Xoa:UR< 1*Af1 T ( )
Xz [(I=m1Ap )(a1Ay, —azAy,) (ho — 1) mask has ranges from 0.01, representing isolated lines, to 0.5,
T Xcu 1- Ay 0 ! representing a dense packing case. This pattern was transferred

Xoz [(1—7Af, 1— Ay, onto a 2um thick SZ:OQ coating by Iithography on a 100 mm,
b [( 1- 4, > <1 — 7214}(2) - 1] (h2 — h3) (100) orientation silicon wafer. After oxide trenches are etched
' to a depth of 1um, a 20 nm thick Ta barrier layer was de-
Again, the same local reference point from the wafer-levpbsited, followed by a 1.pm thick Cu film, by physical vapor
erosion calculation will be needed to be able to separate the dieposition (PVD).
level erosion with wafer-level erosion. Thus,is defined asthe  Experiments were conducted on a rotary CMP machine with
relative oxide thickness of each feature in a die with respectttee experimental conditions listed in Table 1. The normal pres-
the oxide thickness of the local reference point in the same déeire was maintained at 48 kPa and the relative velocity was
maintained at 0.7 m/s over the wafer by setting the rotational
velocity of the wafer and the platen at the same value. The pol-

ey = <Af1> [@(1 —mAy)ai(ho — hi) ishing duration was varied from 1 to 6 min to cover a different
L=Ap ) Ixcu set of blanket material removal rates of Cu, oxide and diffusion
+>§<0: (1= 1) (hs — hg)} (22) barrier layer.

Four types of slurries were used to get blanket material re-

Eq. 22 shows that there are several parameters which aﬂgaval rates for each layer material as listed in Table 2. Hydro-
the amount of the die-level erosion in the Cu CMP process sudf Peroxide was used in the commercial Os slurry with 1
as the area fraction of a featur, the local pressure distribu- /" Mean particle size to prevent particle agglomeration and to
tion factor~, the interconnect deposition facterand the blan- get the specified material removal rate. All other slurries were

ket material removal rates of the Cu, barrier layer and dielectr/@/x€d immediately before use and were stirred to prevent par-
X Cus Xb AN X0 ticle settling during polishing. In contrast to the acidic or basic

solutions which have been used in commercial Cu CMP, pH of
each slurry was maintained at-7.5 to focus only on the me-
chanical aspects of polishing. The Rodel IC-1400 was used to

A Cu damascene structure has been designed to study §afsh the wafer and the pad was conditioned before polishing
effects of the various parameters on wafer-level and die-lex&ich wafer.

erosion and to verify the current model. Fig. 9 shows the phys-
ical layout of the pattern on the mask. The pattern for each die
(10x10 mm) consists of a matrix of 2.5 x 2.5 mm blocks (sub- .
die). These blocks consist of line-space features, with a mifi- Blanket material removal rate

imum linewidth of 0.5um and a maximum linewidth of 100 The developed wafer and die-level erosion models show that
um. The area fraction of Cu interconnects in the experimentahe of the major factors in deciding the amount of erosion is

Ill. EXPERIMENTS

IV. RESULTS
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Fig. 10. SEM micrographs for the effect of interconnect deposition faator,
@Ay =0.5w=0.5um,a=0.1and (b)Ay = 0.5,w = 2um,a = 0.8.
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Fig. 12. Model verification for experimental results and comparison with the
model of Laiet al. [2]: mainly addressed for smat ;.
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Fig. 11. Observation of the effect of wafer-level non-uniformity factdimn —  Present Work
Cu blanket wafer polishing at (a) t=2min, (b) t=3min and (c) t=4min.
————— Tugbawa et al. [3]
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selectivity, which represents the ratio of blanket material r
moval rates between the Cu, dielectric and diffusion barri
layer. Therefore, it is necessary to get a blanket material r:
of each material for different slurries. Four different slurrie
are used for three different blanket material coatings and 1

results are listed at Table 2.

Erosion (nm)

50
B. Measurement of Cu interconnect line deposition faator

The interconnect deposition factarcan be easily obtained
by measuring the deposited top surface of a patterned we
by Scanning Electron Microscopy (SEM). Fig. 10 shows tt %
results of the SEM measurement of two points with the sar

area fraction (0.5) and different linewidths (Qub» and 2um).
PVD Cu patterned wafers were used for SEM measuremerfig: 13. Model verification for experimental results and comparison with the

The results show that the value @fs closely related to the Cu model of Tugbawt al. [3]: mainly addressed for largd,

interconnect linewidthw. If the linewidth is larger than mm,

a is about 0.9, which means that the deposited pattern reflegts,oishing time increases, and that the maximum ratio of ma-
the original mask pattern very well. If the linewidth is smalleferia| removal rate is close to 0.8. Each CMP machine can have
than 1yim, o is under 0.1 and the top surface deposited pattegfiterent 3 values. Also, it is important to point out that the
could be considered as blanket area. In the range between thegenot the exact wafer-level non-uniformity value of polished

two (1pm < w < 5um), thea value increases as the linewidthyafer after the Cu CMP process but only the material removal
rate ratio between two points on a wafer which is strongly re-

lated to the final wafer-level non-uniformity value.

5 0.6 0.7 0.8 0.9 1
Area fraction of Cu interconnects

w increases.

C. The wafer-level non-uniformity factgr

The wafer-level non-uniformity factof can be quantified D- Model verification
by observing the blanket wafer polishing material removal rate After all of the parameter values from the previous section
at two points on the same wafer through time evolution. Figuch as selectivityy and 3 are determined, these values can
11 shows the Cu blanket wafers at 2 min, 3 min and 4 min be used for calculating the amount of wafer-level and die-level
polishing time during CMP process. The figure shows that tleeosion based on the proposed model. In this study, two differ-
edge of the wafer is being polished faster than the center agzd sets of previous data are used to verify the current erosion



model. Fig. 12 shows the experimental data and an erosior. Experiments were conducted to determine the values of
model by Laiet al. [2] and the current model. When the are@ach parameter. The blanket wafer material removal rates for
fraction is under 0.2, both models predict the experimental daach layer materials could be acquired for different types of
well but, as area fraction increases over 0.3, there is a signdfidrries. For a given mask pattern geometry, the Cu intercon-
cant deviation between the Lat al. model and the real data.nect deposition factar was measured in SEM and it could be
As shown in Fig. 12, the current model can predict the real dathown thaty is strongly related to Cu linewidth and deposition
more closely in the middle value of the Cu interconnect ar@aethod. The wafer-level non-uniformity factGrwas also ob-
fraction as well as the small value of area fraction than the Lsérved through the blanket Cu wafer polishing experiments. By
et al. model. These data show that the current erosion moaelnsidering the significance of each parameter on the developed
can predict the erosion well in the less packed pattern geometrgsion model, the optimized erosion minimization scheme can
with the area fraction under 0.5. be suggested.

Fig. 13 shows the data and an erosion model by Tugbaw&b. The developed erosion model was verified through the
et al. [3] and the current model. Most of the data in thesexisting erosion models and data. It has been shown that the
experiments are distributed throughout the high packed patteurrent model can reflect the real erosion data very well in the
geometry region with an area fraction over 0.7. There existdaw area fraction region4; < 0.5) as well as in the packed
gap similar to shifting between the Tugbaetal. model and interconnect pattern geometry regiofi(> 0.5). Also, it was
the actual data, but the current model still matches the experddressed that total erosion can have a shifting effect of die-
mental data well. level erosion if the wafer-level erosion is independent of pattern

In each case of model verification, wafer-level erosion can lgeometry, as shown in Fig. 13.
easily represented by choosing a local reference point, which
has a special pattern geometry with a zero area fraction of the

. . . . . ACKNOWLEDGMENT
Cu interconnect on each die. This results in the shifting effect_l_h, K d by The Si MIT Al
of die-level erosion in total erosion calculation because wafer- 1S Work was supported by The Singapore- lance
level erosion is constant over the same die. program.
V. CONCLUSIONS REFERENCES

; ; ; PR J.-Y. Lai, N. Saka and J. H. Chuigvolution of Copper-Oxide Damascene
Both analytical and experimental studies on the erosion in tHe Structures in Chemical Mechanical Polishing, - Contact Mechanics Mod-

Cu CMP process are presented in this paper and the following eling, J. Electrochem. Soc., Vol 149, G31-G40,2002.
conclusions can be drawn. [2] J.-Y. Lai, N. Saka and J. H. Churkvolution of Coppe-Oxide Damascene

1. The erosion in the Cu damascene structure is defined by Etrg‘sciggejs 'EIgCTfOrELC:%MggEa@gf"lzg"Sé]jl']l%5%°gggr2'3'5h'ng and Bxide

the oxide thinning with respect to the original oxide thicknesg] Tamba E. Gbondo-TugbawaChip-Scale Modeling of Pattern Dependen-

To identify the source of erosion systematically, wafer-level and mSTmzCoggper Chemical Mechanical Polishing Proces8h.D. thesis,
die-level erosion are defined separately. The possible Sour[;@%..-.z.”(:hen énd B.-S. LeeRattern Planarization Model of Chemical Me-

of erosion at each level are identified, such as Cu intercon- chanical PolishingJ. Electrochem. Soc., Vol. 146, pp. 744-748., 1999.

nect deposition factos. wafer-level non-uniformity facto [5] J.M. Steigerwald, R. Zirpoli, S.P. Murarka, D. Price and R.J. Gutmann,
P N y ﬁ’. Pattern Geometry Effects in the Chemical-Mechanical Polishing of Inlaid

local pressure distribution facterand blanket wafer material Copper Structures). Electrochem. Soc., Vol. 141, pp. 2842-2848. 1994.

removal ratey. Redefining the erosion as wafer-level and digé] F.W. Preston,The Theory and Design of Plate Glass Polishing Machines,

; ; ; i J. Soc Glass Technology , Vol. 11, pp. 214-256., 1927.

level makes it p033|ble to get clear sources ‘?f erqsmn and thﬁirz. Stavreva, D. Zeidler, M. Plotner, G. Grasshoff and K. Dresctiérem-

effects. For example, the wafer-level non-uniformity factor and jcal Mechanical Polishing of Copper for Interconnect Formatidlicro-

the pattern geometry factor effects on erosion could be consid- electronic Engr., Vol. 33, pp. 249-257., 1997.

: : : R. Komanduri, N. Umehara and M. Raghanand#n the possibility of
ered separately in the current model, if a suitable local refere'{%]e Chemo-Mechanical Action in Magnetic Float Polishing of Silicon Nitride,

point is considered. J. Tribology , Vol. 118, pp. 721-727., 1996.

2. Based on the kinematics of a rotary CMP machine, thg T. Park, T. Tugbawa and D. Boningattern Dependent Modeling of Elec-
material removal rate ratio distribution for various angular ve- gﬁﬁga}ﬁ$§)°‘;‘;_e;§£‘fg'$§ ln;%g‘f tional Interconnect Technology Confer-
locities of wafer and platen was described. It is shown thaf#] S.R.Runnels, I. Kim, J. Schleuter, C. Karlsrud and M. DesaVjodeling
direct effect of the relative velocity variation on the wafer-leve| Tool for Chemical-Mechanical Polishing Design and EvaluatiosEE

if ity i t iqnifi tin the CMP ith Tran. on _Semlconductor Mfg., Vol. 11, pp. 501-510., 1998.
non-uni Orm| yIsno a:S significantin the ] process_ a?' ﬁl] International Technology Roadmap for Semiconducta@1.
been considered. This means that the relative velogjty,in  [12] D. Ouma, D. Boning, J. Chung, W. Easter, V. Saxena, S. Misra and A.

; ; revasseCharacterization and Modeling of Oxide Chemical-Mechanical
the Preston equation can be separated as an independent valu(Iéolishing Using Planarization Length and Pattern Density ConcdfiSE

and considergd asa Cantant- _ Tran. on Semiconductor Mfg., Vol. 15, pp. 232-244., 2002.
3. The basic material removal rate calculation scheme was

developed by using the local pressure distribution analysis in
the Cu damascene structure. Pattern geometries on each stage
were defined by using the area fractiofy, linewidth, w, of

the Cu interconnects and the local pressure was calculated at
each height stage. Other local effects during the polishing ex-
cept pressure, were included in the normalized blanket material
removal rate.



