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ABSTRACT

A working prototype face-up CMP tool has successfully been completed.
Experiments conducted on the face-up CMP machine qualitatively correspond with the
theoretical polishing model. Discrepancies in data from the theoretical model could
potentially be caused by non-uniform loading of the polishing pad and uneven
distribution of slurry over the pad due to the edge effects on fluid flow. Despite the
discrepancies, experimental data suggest that the theoretical model used to describe
blanket wafer polishing by theface-up CMP tool is at least partially valid.
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1. Introduction

Chemical-mechanical planarization or polishing (CMP) is a process used in

semiconductor fabrication for planarizing the surface of an in-process semiconductor

wafer. The surface of the silicon dioxide coating on silicon wafer is chemically etched

and an electrically conducting coating, in the present case copper, is applied over the

wafer by vapor deposition or electroplating. The resulting surface is then polished,

leaving copper filled trenches, as shown in Figure 1 [1].

SiO:-U·-SiC 2

(a) (b) (c)

Figure 1: (a) Patterned silicon dioxide surface, (b) vapor deposited or electroplated Cu
layer, and (c) ideal planarized surface by Cu CMP.

Traditionally, the wafer is held with its patterns face-down in a rotating wafer carrier

and pressed against a much larger polishing pad, as show in Figure 2(a)[1]. Slurry is then

fed onto the pad outside the wafer and is drawn into the wafer/pad interface as the wafer

and pad are rotated relative to each other. Ideally, the end result should be planarized

wafer topography. This however is often not the case, for it is virtually impossible to

achieve a high degree of wafer-scale polishing uniformity using current conventional

CMP tools. Conditions such as pressure, relative velocity, and slurry distribution all have

an effect on the material removal rate of the substrate being polished off the wafer. In

conventional face-down CMP the wafer is in contact with the pad at all times; so any

non-uniformity of these variables could cause the wafer to be unevenly polished.

The face-up scheme flips the wafer downside up and uses a smaller pad. The pad is

perforated and slurry is fed into a retaining vessel to allow a constant slurry flow rate

across the pad, as shown in Figure 2(b).
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Figure 2: Schematics of (a) traditional face-down, and (b) novel face-up CMP tools.

Primary advantages of theface-up overface-down CMP include the following: First,

polishing a wafer uniformly is now more controllable for the pad does not cover the

entire wafer. As the polished region grows from the center outward, the polishing cup is

moved in response to the polished region to prevent overpolishing. Second, the pressure

applied by the pad is much easier to control as the polishing pad is smaller than the wafer.

Third, the material removal rate of the wafer substrate can be more easily controlled

because the slurry is evenly distributed over the pad through the perforations, as opposed

to the conventional method of feeding the slurry from outside the wafer. With a more

uniform slurry distribution over the polishing pad now, the kinematics of the system will

have a greater effect on the rate of polishing.
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2. Theory of Face-Up Polishing

2.1 Pad/Wafer Contact Geometry

Because the entire wafer is not always in contact with the polishing pad in theface-up

setup, the "contact angle", 0c, shown in Figure 3, directly affects the material removal

rate at a given radius of the wafer. An expression containing the contact angle can be

defined with the distance between the centers of the wafer and pad, r, the radius of the

wafer, r, the pad radius, rp, and the angle of contact, 60

2 2 2r, cos .rp = r + - cos 0 . (1)

y

Wafer x

Figure 3: Definition of pad "contact angle", 0., in theface-up CMP scheme.

2.2 Kinematics

Figure 4 shows the coordinate system for the proposed face-up kinematics. The

velocity of the wafer relative to the pad, VR, at point P(r, ) is calculated in the wafer

coordinate system as [2]:

vR(r,O) = -[(o)w - op )rsin + v ]e +[(wo - p )rcosO+ wPr,., ]ey.

9
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where cow and co, are the angular velocities of the wafer and the pad, respectively. The

magnitude of the relative velocity, vR(r, 0), yields the expression:

vR(r, 9 ) = [(w -wa))rsin+v.~] 2 +[(w -p)rcos60+Wr,.] 2 . (3)

Y

X

id

Wafer

Figure 4: Cartesian and polar coordinate systems forface-up CMP with origin at the
center of the wafer.

When the translational velocity is zero, v, = 0, the relative velocity can then be

expressed as:

vR(r,O) = J[(w - p)r]2 + (Wr) 2 + 2(w, -wp)w rrcos . (4)

Additionally, if the wafer and the pad are rotated at the same velocity, ow = wO = co,

and there is no horizontal translation of the polishing cup, v,. = 0, Eq. 4 simplifies to

VR = o r,. . (5)
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2.3 Material Removal Rate

The material removal rate of copper on the surface of the wafer is governed by the

duration of polishing t, applied pressure p, relative velocity VR, and Preston constant kp,

and is expressed by the Preston equation [3]:

dhk
I-h = kP , p ·.R (6)

The Preston equation pertains to local material removal rate. The material removed

Ah at P(r) for one wafer rotation can be expressed as follows (given dt = dO / ow and At

= 27r / wow)

h - fdhd g2 1 dh daA hl h -I I. (7)
I dt ° dt

Unlike the traditional face-down CMP setups, a point on the wafer in the face-up

CMP scheme is not always in contact with the polishing pad. When the point on the

wafer is in contact with the polishing pad the material removal rate follows the Preston

equation; otherwise the material removal rate is zero. The Preston constant as well as

pressure may not actually be constant across the entire surface of the wafer. For

simplicity, however, we assume in this analysis that they are both constant in the region

being polished.

As seen in Fig. 3, the contact angle 0,. directly affects the material removal rate.

Material removed, Ah, can be rewritten in terms of the contact angle and the Preston

equation as:

Ah(r) = 2-kppvR dO. (8)

Substituting vR in Eq. 8 with Eq. 3 yields

Ah(r):= kppJC-l [(ow -op)rsinO+v V +[(ow -)op)r cosO+0rc] 2 dO. (9)
ow
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While the wafer and pad velocities, co, and Cp, and center to center distances, r, can

change through the duration of polishing, further analysis will rely on these variables

being time-independent, i.e.,

rW(t) = W

P(t)= Lp . (10)

row (t) = ram

Translational velocity of the pad is also assumed to be zero, v,(t) = 0, representing a

stationary pad. With these new parameters for a stationary pad, Eq. 9 becomes

Ah(r) = kp 2 -/[(w -wp)rsin ]2 +[(ww - wp)rcos + or] 2 dO. (11)

The material removed can be defined in terms the of the radius of the wafer, r, and

the number of wafer revolutions, n:

Ah = Ah(r,n) (12)

Similarly, the material removed at the center of the wafer in one revolution can be

expressed as

Ah(0,1) = kp p. ,,r () (0) (13)
aw(0)

Thus, for a stationary pad with time-independent rotational speeds, the material removed
at any radius r can be expressed in dimensionless form as

Ah * (r,) Ah(r,n)
Ah(0,1)

2 s e,.~- 2 _ _ 2 .· LoB(14, 15)

Ah * (r) = 2 o, 2 1) r os+ d
7 ° frw ,. L owp r,,

Figure 5 shows Ah* for various wafer and pad rotational speed ratios versus

dimensionless radial position on the wafer. It may be noted that Ah* is the normalized

polishing rate, i.e., the material removal rate any dimensionless radius r/rw divided by

12



material removal rate at the center of the wafer. If the pad is stationary and the angular

velocities are constant, Ah* is independent of time.

1.4

1.2

0

0.8

Ah*

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1

r / r

Figure 5: Ah* versus r/rw plots for various copco and rr, values.
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3. Apparatus

The experimental setup, a face-up prototype CMP tool, employed for polishing

blanket wafers is shown in Figure 6. A brief description of the individual components

follows.

otor

End
Set

Wc

;r and
Sources

ing Cup

Carrier

tment
rew

Figure 6: Prototype offace-up CMP machine.

14



Support Ring

Figure 7: Wafer carrier without the wafer.

3.1 Wafer Carrier

The wafer is held in place face-up on the wafer carrier by means of a vacuum. A thin

layer of oil is applied to the backside of the wafer and placed upon a perforated circular

aluminum plate, shown in Figure 7. When the vacuum is drawn, the wafer tends to

conform to the surface which it is on, assuming the stresses do not exceed the fracture

stress of the silicon. Since the wafer only has at most a 1.5-jim thick layer of copper, the

flatness of the aluminum plate is important so that the wafer is likewise very flat. The

aluminum plate in this setup was machined and polished to have a surface variation of no

more than 5 tm over the entire diameter of the plate.

Since the polishing pad, attached to the slurry cup, does not rest entirely on the wafer,

a support ring (Fig. 7) is necessary to bear the rest of the load and to prevent excessive

slurry leakage. Leveling of the support ring is done with three adjustment screws, shown

in Figure 7, and verified using a dial indicator with a resolution of 5 ± 2.54 jtm.

15



3.2 Polishing Cup and Pad

The polishing mechanics of the face-up CMP machine, as with any machinery,

involves some level of misalignment and runout. In order to better accommodate for

these irregularities in the polishing mechanics, the cup utilizes a gimbal so that the

application of normal force and torque are intrinsically decoupled. The shaft provides the

normal force while the pins orthogonal to the shaft provide the torque to rotate the cup

and pad. By having the rounded end of the shaft interface with a cone, shown in Figure

8(a), the cup is able to account for small deflections due to runout.

�r*��'

C � � P I YI:
.P

�iP �C ·r -rr ·i -1 �

P 1 $ F �. r. * ; d O

-�: ·s a ·1 *j r � s- *-

.Q.� " i �. api � m: r i 4-

·r

t

I` I '* )

* ·, i

* *Ip

.:,::�1· ··';-·· :' ·

(a) (b)

Figure 8: (a) 3D CAD of polishing cup with perforated bottom and (b) polishing pad.

The polishing pad, shown in Figure 8(b), consists of two layers. The top layer of the pad,

the layer that contacts the wafer, is a hard and porous material relative to the softer lower

layer. The purpose of the bottom layer is to account for small deflections during the

polishing process.
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3.3 End-Point Sensing

During the polishing process, it is useful to monitor the polished state of the wafer to

prevent over-polishing. End-point sensing for conventional face-down CMP is difficult

because the surface being polished is always in contact with the pad. With the face-up

CMP scheme, polishing is given a bias depending on the rotational velocity ratios of the

wafer and pad and therefore is much easier to control. Given a velocity ratio of co / cop =

1, the theoretical model (Fig. 5) predicts more material removal at the center of the wafer

for polishing with a stationary pad.

In the face-up CMP scheme, a fiber-optic sensor is used differentiate between the

polished regions and the unpolished copper. Silicon and copper have different levels of

reflectivity which correspond to different voltage outputs from the sensor. The end point

sensor is situated about the center of the wafer and at the edge of the polishing pad,

shown in Figure 9, and is able to detect regions of silicon "opening up."

Inspe
Po

Figure 9: End point-sensor inspecting center of wafer.
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At the point of opening, the sensor readings will immediately drop from a steady high

voltage to an average voltage between copper and silicon. As polishing continues, the

position of the cup can be controlled by maintaining the same averaged voltage output

from the sensor.

18



4. Experimental Procedures

Figure 6 shows the prototype face-up CMP tool used to polish 100-mm blanket Cu

wafers. Three separate experiments were conducted to verify the theoretical model of the

face-up CMP. With a fixed pad, i.e., vat = 0, experiments were run with varying wafer-

to-pad rotational velocity ratios of 1, 1.5, and 2. A blanket Cu wafer is shown in

Figure 10 and the parameters of these experiments are listed in Table 1.

Figure 10: Unpolished copper blanket wafer.

Table 1. Material Properties.
Parameter Value

Type of Cu Deposition Electroplating
Thickness of Cu (nm) 1600
Ta/TaN Barrier Layer Thickness (nm) 15
Pad IC1400
Slurry iCue5001

For each test, the wafer-pad rotational velocity ratio was changed from I to 1.5 to 2,

corresponding to experimental conditions in Tables 2, 3, and 4, respectively.

19



Table 2. Experimental Conditions for ow/ o, = I

Parameter Value
Wafer Diameter (mm) 100
Pad Diameter (mm) 70
Nomial Pressure (kPa) 14
Wafer Rotational Velocity (rpm) 200
Pad Rotational Velocity (rpm) 200
Test Duration (s) 470

Table 3. Experimental Conditions for o,,/ cop = 1.5

Parameter Value
Wafer Diameter (mm) 100
Pad Diameter (mm) 70
Nomial Pressure (kPa) 14
Wafer Rotational Velocity (rpm) 300
Pad Rotational Velocity (rpm) 200
Test Duration (s) 540

Table 4. Experimental Conditions for ow/ co, = 2

Parameter Value

Wafer Diameter (mm)
Pad Diameter (mm)
Nomial Pressure (kPa)

Wafer Rotational Velocity (rpm)
Pad Rotational Velocity (rpm)
Test Duration (s)

100

70

14

400
200

330

20



5. Results

Figure 11 shows still pictures from a video taken during polishing.

schematic of a partially polished wafer.

(a) (b)

Figure 12 is a

(c)

Figure 11: Copper blanket wafer at (a) t = 4min, (b) t = 4.5min, (c) and t = 5min, for the
rotational velocity ratio of ow/Cp = 2.
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Figure 12: Coordinate system for the polished region.

The results of the three experiments are summarized in Tables 5, 6, and 7 for the

velocity ratios 1, 1.5, and 2, respectively.

Table 5. Results of the cow/cop = 1 experiment.

t, min rj, mm r2, mm rl /rw r2 /rw

0

6 20.5 20.5 0.41 0.41
6.5 23.3 0.47
7 30.8 0.62

7.5 36.3 0.73
7.8 38.4 0.77
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Table 6. Results of the ow/

t, min rl, mm r2, mm

0

5.5 14.7 21.8
6 29.4
6.5 35.3

7 38.8
7.5 41.2
8 42.9

8.5 44.1
9 45.3

Table 7. Results

t, min rl, mm I

0

3.66 39.3
4 33.0
4.5 25.9

5 19.2

5.5 16.5

of the ow/

r2, mm

39.3
44.6
47.8
49.1

50.00

op = 1.5 experiment.

rl / rw r2 / r

0.29 0.44
0.59
0.71

0.78
0.82
0.86
0.88
0.91

cop = 2 experiment.

rl/ rw r2 / rw

0.79
0.66
0.52
0.38
0.33

0.79
0.89
0.96

0.98
1.00

Figure 13 shows the data from the three experiments recorded in Tables 5, 6, and 7.

The data are plotted in dimensionless form, with normalized material removal rate versus

the dimensionless radial position on the wafer.

23
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Figure 13: Experimental Ah* versus r/rw plots for three different cowcop. values.
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6. Discussion

Figure 13 demonstrates a general trend of the way the wafers are polished. Though it

does not completely correlate with values of the theoretical model in Fig. 5, it does show

a resemblance. The wafer that was polished with a rotational velocity ratio of 1 exhibited

a steeper, linear relation between material removed and the position of the polished

region moving toward the edge of the wafer. The wafer polished with a rotational

velocity of ratio 1.5 reveals a flat region around r / rw = 0.35 and then quickly drops off,

similar to the plateau seen in Fig. 5 for similar velocity ratios. Similarly, the rotational

velocity ratio of 2 is shown to peak above unity for normalized material removal, which

corresponds to a much faster polishing rate.

While the empirical data do not exactly fit with the theoretical model, it seems to

follow the general trends that each velocity ratio appears to have. Velocity ratio of 1.0

appears to have a constant removal rate and can be observed in Fig. 13 to be fairly linear

with respect to radial position and time. Velocity ratio of 1.5 favors polishing the center

region almost all at once and then drop off rapidly as material removal slows down near

the edge of the wafer. Finally, the velocity ratio 2:1 seems to agree with the theoretical

values and has the highest material removal rate at a distance of r,.C rp, for a very slight

overlap of the edge of the pad and the center of the wafer.

The polishing however was not as uniform as theoretically modeled. For the velocity

ratios 1 and 1.5, the copper should have been removed starting from the center and

gradually remove more and more copper toward the edge. In actuality, the copper on the

wafer was first completely polished away near the edge of the wafer in a concentric ring

around the center. The wafer polishes symmetrically otherwise and the edge that moves

outward appears to follow the general trend predicted by the theoretical model.

One consideration as to why the wafer is not completely polishing at the center could

be the uniformity of polishing rates of the pad. The slurry is being fed through evenly

distributed holes in the pad and therefore in the analysis, it is assumed constant

throughout. It is also noted that the very edge of the pad does not behave the same way

as the center of the pad, which is why there should be a slight overlap of the edge of the

pad over the center of the wafer. It may turn out that the edge effects of the pad are

25



larger than previously thought, making the effective radius of the pad, rp, smaller than the

assumed value.

Another potential problem may that the pressure distribution under the pad was

perhaps not uniform as assumed in the theoretical model. For simplicity, the theoretical

analysis assumes that both the pressure and the Preston constant are uniform under the

pad since the pad is smaller than the cup. If the pressure distribution of the pad over the

wafer is non-uniform, then experimental data would not necessarily correlate with the

theoretical model.
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7. Conclusions

A working prototype face-up CMP tool has successfully been completed. Polishing

experiments conducted on the face-up CMP machine appear to correspond at least

qualitatively with the theoretical model. Discrepancies between experimental data and

the theoretical model could potentially be due to non-uniform loading of the polishing

pad and or uneven distribution of slurry under the pad due to the edge effects. Despite

the discrepancies between the theoretical and the experimental values, empirical values

suggest the theoretical model used to describe theface-up CMP tool is basically valid.
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