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Abstract

In chemical mechanical polishing (CMP), a two-stage polishing strategy is often employed. A high removal
rate (RR) is set at the initial stage, then a lower RR is employed to remove residual metal and extended to the
over-polish stage. An analogy between the soft landing of a spacecraft and CMP operation is established and the
CMP operation can be viewed as a minimum-time optimal control problem. Measurement uncertainties prevent
direct implementation of bang-bang control law for the entire polishing process. Thus, a two-stage CMP
operation procedure is devised to ensure robust operation while maintaining a high throughput.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction

The complexity of current microelectronic devices demands global planarity at different metalliza-
tion levels. Chemical mechanical polishing (CMP) has the capability of achieving such stringent
requirements over a step height of several microns. Since the introduction of the new technology in
the 80s, the CMP provides advantages of defect reduction, wide windows for etching and lithography
and yield improvement [5,6,13]. Combining the chemical reactions and mechanical force abrasion, the
wafer surface can be polished to achieve global planarity. Despite recent advances in CMP, some
manufacturing concerns associated with successful implementation of CMP remain to be overcome
[2,3,5,7,9,13]. The physical interactions among the wafer, slurry, and pad make the copper CMP very
sensitive to operating conditions. If the CMP is operated in an undesirable region, it may lead to
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non-uniformity, surface damage and/or degradation in the removal rate (RR). Recently chemical
mechanical polishing (CMP) has become the standard technique in copper damascene technology
[4,5,9,13].

CMP causes material removal by rotating a polishing pad against the wafer in the presence of liquid
slurry. In practice, the silicon wafer is held face down and a normal load is applied while the polishing
pad, mounted to a rigid turntable, rotates beneath the wafer (Fig. 1). Typically, the wafer is also
rotated with a similar speed and material removal occurs due to the contact between the pad and
wafer, and the chemical interaction with the slurry [2,4,10,12,13]. The mechanisms of material
removal in CMP are related to both chemical and mechanical effects [2,4,7].

Most of the research work on CMP is focused on detailed removal mechanisms (e.g., chemical
and/or mechanical factors) and the slurry chemistry [2,4,10,12]. Much less work has been done on the
operational aspects of CMP, especially the process control side of CMP operation. One of the most
important variables: the setting of the removal rate for the planarization process, is studied in this
work. The reminder of this paper is organized as follows. An analogy between the soft landing of a
spacecraft and the CMP process is illustrated in Section 2. The minimum time optimal control
problem is solved in Section 3. Then, constraints and uncertainty issues are also addressed and,
subsequently, a realistic procedure is proposed for CMP process followed by the conclusion.

Fig. 1. Schematics of CMP (a) and snapshots of Cu removal (b).
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Fig. 2. Analogy between landing a spacecraft and CMP copper removal.

2 . Analogy

Soft landing is a control strategy originally applied to the landing of a spacecraft to land on a hard
surface and, at the instant of landing, the vertical velocity of the vehicle is reduced to zero (Fig. 2).
The objective is to minimize the landing time while ensuring a safe landing without damaging the
vehicle [1,8,11]. A similar situation is encountered in the operation of CMP. First, we treat the oxide
surface as the landing surface, the polishing pad as a fly vehicle, and the removal rate as the vertical
velocity. When the polisher reaches the endpoint (oxide), it can be visualized as the fly vehicle
contacting the heavenly body surface (Fig. 2). Typically, the damage, dishing, is assumed to be
proportional to the removal rate [7]. Therefore, the damage can be reduced by a smallerRR while
minimizing the polish time. In other words, we would like to minimize the damage to the wafer while
maintaining a high throughput.

Therefore, the CMP operation can be formulated as an optimal control problem with the following
variables:H, the thickness of copper to be removed (including the over-polish thickness) (e.g., the
altitude before landing);RR, the removal rate (e.g., the vertical velocity of the spacecraft);a,
acceleration of the removal rate (e.g., the net acceleration or deceleration of the spacecraft). The
equations describing the copper removal can be expressed as:

dH
]5 2RR (1)dt

dRR
]]5 a (2)dt

with the following initial conditions.

H(0)5H and RR(0)5RR (3)0 0

The constraints in the acceleration (control) are also applied.

2 a # a # a (4)max max

Similar to the soft landing of a spacecraft, an analytical solution to the optimal control problem can be
derived.
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3 . CMP soft landing

3 .1. General solution

Let us use a state space equation to represent the CMP soft landing problem withx 5H, x 5RR,1 2

and u 5 a. Thus, we have:

~x 0 21 x 01 1
5 1 u 5 Ax 1Bu (5)F G F GF G F G~x 0 0 x 12 2

with

2 a # u # a (6)max max

This is a double integrator process and the control problem is to findu(t) to bring the system to

x(t )5 0 (7)f

in minimum time. In optimal control literature, that is a minimum-time problem [1,8,11]. The
objective function is simply:

t tf f

J 5EL dt 5E 1 ? dt (8)
0 0

Following Bryson and Ho [1], first, define the variational Hamiltonian
T TH* 5l (Ax 1Bu)1 L 5l (Ax 1Bu)1 1 (9)

wherel(t) is the Lagrange multiplier. To minimizeH* with respect tou by taking the constraints Eq.
(6) into account, we have the following bang-bang control:

Ta , l B , 0maxu(t)5 (10)H T
2 a , l B . 0max

TThe quantity l B 5l is called the switching function. The transversality condition with the2

boundary condition Eq. (7) yields:
T

l (t )Bu(t )5l (t )u(t )5 2 1 (11)f f 2 f f

That implies:

1/a , u 5 2 amax max
l (t )5 (12)H2 f 2 1/a , u 5 amax max

The Euler–Lagrange equation is of the following form:

≠H*T T~ ]]l 5 2 5 2l A (13)
≠x

Specifically, we have:

~ ~l 50 and l 5 2l (14)1 2 1
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Eq. (14) reveals the switching function is a linear function of time, it can change sign at most once.
Therefore, we can locate the switching curve in state space (in terms ofx andx ) going back in time1 2

from t with u 5 2 a or u 5 2 a . Integrating Eq. (5) fromt , one obtains:f max max f

2x /(2a ), u 5 2 a2 max maxx 5 (15)H1 2
2 x /(2a ), u 5 a2 max max

Back to the CMP notation with the boundary condition for the end point

H(t )50 and RR(t )50 (16)f f

the switching curve becomes:

RR RRu u
]]]H 5 (17)2amax

The switching curve is made up of two parabolas as shown in Fig. 3. Fig. 3 shows typical trajectories
for u 5 2 a or u 5 a , respectively, and the switching curve is shown as the thick solid line. Ifmax max

Fig. 3. Switching curves and optimal trajectories.
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the initial condition is not on the switching curve, we must determine the controlu. Fig. 3B clearly
indicates that, above the switching curve, we haveu 5 2 a , and below the curve, we havemax

u 5 a . For CMP, we are limited to the first quadrant and the control law becomes:max

2
2 a , H #RR /(2a )max maxa 5 (18)H 2
1 a , H .RR /(2a )max max

˚Generally, a polishing process starts with a non-zeroH (e.g., H 58000 A) andRR 50 and,0 0 0

therefore, the initial condition is located at the positive side ofx-axis (e.g., Fig. 3B). Initially, the
removal rate increases with the accelerationa 5 a (following a trajectory in Fig. 3B). When themax

trajectory meets the switching curve (Eq. (17)), the removal rate decelerates witha 5 2 a ,max

following the path along the switching curve, and lands on the origin (i.e., Eq. (16)). Integrating the
governing state space equations (Eqs. (1) and (2)) with the control law of Eq. (18), we can find the
following conditions at switching point (Eq. (17)):

H 5H /2 (19)sw 0

]]
RR 5 a H (20)sw œ max 0

]]]
t 5 H /a (21)sw œ 0 max

]]]
t 5 2 H /a (22)f œ 0 max

where the subscript sw denotes the switching point.

3 .2. Possible constraints

Unlike the landing of a heavy spacecraft, rapid acceleration can be achieved by a CMP motor. Let
us explore how the shapes of switching curves and typical paths change asa varies. The maximummax

2 2 2˚ ˚ ˚accelerations of 3600 A/min , 36 000 A/min , and 360 000 A/min correspond to reaching
˚RR5 9000 A/min in 150 s, 15 s and 1.5 s, respectively. Fig. 4 shows that the switching curve

2˚becomes almost vertical whena reaches 360 000 A/min and, more importantly, this is themax

performance of most modern CMP stations. With a large slope (e.g., Fig. 4c), the removal rate may
become extremely large during the polishing stage. It is obvious that, in practice, some limitation will
be imposed on the removal rate.

2˚ ˚Consider the case withH 58000 A andRR 50 with a fast accelerationa 5360 000 A/min0 0 max
˚and a top removal rate ofRR 59000 A/min. Following the trajectory in Fig. 4c, initially, themax

removal rate is increased with a full accelerationa 5 a until RR5RR . Then, the polishingmax max

process proceeds with the maximum removal rate and this stage is shown in Fig. 5a as the horizontal
crossing. When the path meets the switching curve, the removal rate is decelerated witha 5 2 amax

toward the origin. Therefore, this is a three-stage process: acceleration, hold, and deceleration. Fig. 5b
shows the changes in thickness, removal rate, and rate change for this example. Obviously, the total
polish time will be greater than the unconstrained case. Solving the governing equations, we have:

H RR0 max
]] ]]t 5 1 (23)f RR amax max
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2 2˚ ˚Fig. 4. Effects ofa on switching curves: (a)a 53600 A/min , (b) a 536000 A/min , and (c)a 5360000max max max max
2Å /min .

]]
If the constraint is not active, i.e.,RR 5RR 5 a H , Eq. (23) is reduced to the unconstrainedmax sw œ max 0

case, Eq. (22).

3 .3. Handling uncertainty

Fig. 5a also reveals that the deceleration (a 5 2 a ) is activated at a position which is very closemax

to the end point. This could be a potential problem in CMP operation and may result in severe dishing
if the copper thickness is not correctly measured or if, more likely, we have within wafer
non-uniformity (WIWNU) in the copper thickness (i.e., copper thickness varies across the wafer



352 J.-B. Chiu et al. / Microelectronic Engineering 65 (2003) 345–356

2˚Fig. 5. Effect ofRR on switching curves witha 5360 000 A/min : (a) trajectory, and (b) corresponding operatingmax max

variables.
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radial position). A question then arises: how can we ensure robust operation under uncertainty? A
simple solution is: use the bang-bang control to land the polisher on a higher ground first followed by
a careful descent toward the origin (oxide layer). That is, instead of bringing the system toH(t )5 0f

andRR(t )5 0 in minimum time, we set the boundary condition toH(t )5H andRR(t )5RR .f f small f small

Here, H is a prescribed remaining copper thickness which is associated with WIWNU and asmall
˚typical value is around 2000 A.RR is a small removal rate which will give an acceptable dishingsmall

˚at the over-polish stage and a typical value is close toRR52000 A/min.
With the modified boundary condition, we can solve the optimal control problem using the same

procedure as in Section 3.1. Fig. 6 shows the trajectories and switching curves for three different
2 2 2˚ ˚ ˚maximum accelerations (a 53600 A/min , 36 000 A/min , and 360 000 A/min ) withH(t )5max f

Fig. 6. Endpoint shifts (original: large circle and modified: small circle) to overcome uncertainty and prevent dishing with:
2 2 2˚ ˚ ˚(a) a 53600 A/min , (b)a 536 000 A/min , and (c)a 5360 000 A/min .max max max
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˚ ˚2000 A andRR(t )52000 A/min. Once the landing point is reached, the polisher continues the copperf
˚removal with the smaller removal rate (RR 52000 A/min) until the end point (oxide layer) issmall

2˚detected. With a typical acceleration,a 5360 000 A/min , and a modified landing location, Fig. 7amax

gives the trajectory for the entire polishing process and the corresponding state variables and control
are also shown in Fig. 7b. The optimal control solution leads to the following polishing strategy:

1. Specify the landing point,H and RR . Here,H corresponds to the WIWNU in coppersmall small small

thickness andRR is related to a small removal rate giving acceptable dishing.small

2. Set the removal rate to the maximum removal rate (RR5RR ) until the landing pointmax

(H 5H ) is reached.small

3. Switch the removal rate to a smaller value (i.e.,RR5RR ) until the end point (H 5 0) issmall

detected.

Actually, this is the ad hoc procedure practiced by many experienced CMP engineers in the fabs.
But, here, the procedure is derived by solving the minimum time problem with typical CMP machine
specifications and, more importantly, constraints on achieving the true minimum time are also
explored (Eq. (22)). This offers direction for improvement on the next generation CMP station.

4 . Conclusion

In this work, an analogy between the soft landing of a spacecraft and the CMP operation is
established. Therefore, the CMP operation can be formulated as a minimum time optimal control
problem and the well-known bang-bang control law is derived. Provided with typical CMP machine
specifications, constraints preventing the achievable minimum time are also explored and the
trajectory is modified accordingly. Uncertainties such as results of thickness measurement and within
wafer non-uniformity prevent direct implementation of bang-bang control law and an alternative is
proposed by modifying the landing point. Thus, a two-stage CMP operation procedure is devised to
ensure robust operation while maintaining a high throughput. This is exactly the ad hoc procedure
practiced by many experienced CMP engineers. More importantly, the analytical derivation of the
operation procedure offers insights to the design of future CMP stations.

5 . Nomenclature

A state matrix in state space equation
a acceleration
a maximum accelerationmax

B input matrix in state space equation
CMP chemical mechanical polishing
H remaining thickness of copper layer
H* variational Hamiltonian
J performance index
RR removal rate
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2˚ ˚Fig. 7. Realistic trajectory (a) and corresponding operating variables (b) forRR 59000 A/min,a 5360 000 A/min ,max max
˚ ˚H 52000 A, andRR 52000 A/min.small small
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t time
u input of state space equation
x state of state space equation
WIWNU within wafer non-uniformity

Greek symbols
l Lagrange multiplier

Subscripts
0 initial state
f final state
small a small value for the modified landing point
sw switching point
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