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Wafer back pressure control and optimization in the CMP process*
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Abstract: Chemical mechanical polishing (CMP) is the most effective wafer global planarization technology. The
CMP polishing head is one of the most important components, and zone back pressure control technology is used
to design a new generation of polishing head. The quality of polishing not only depends on slurry, but also de-
pends on the precise control of polishing pressures. During the CMP polishing process, the set pressure of each
chamber is usually not the same and the presence of a flexible elastic diaphragm causes coupling effects. Because
of the coupling effects, the identification of multi-chambers and pressure controls becomes complicated. To solve
the coupling problem, this paper presents a new method of multi-chamber decoupled control, and then system
identification and control parameter tuning are carried out based on the method. Finally, experiments of multi-
chambers inflated at the same time are performed. The experimental results show that the presented decoupling

control method is feasible and correct.
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1. Introduction

With the rapid development of the semiconductor industry,
integrated circuit manufacturing equipment and technology,
one of the top technologies, is the core of information tech-
nology. Chemical mechanical polishing (CMP), photolithog-
raphy, etching, ion implantation and physical vapor deposition
(PVD)/chemical vapor deposition (CVD) is parallel to the core
of key technologies in large-scale integrated circuit manufac-
turing. Nowadays, CMP is widely proved to be the most ef-
fective technology of wafer global planarization. With the fur-
ther improvements of integration level and computing speed,
silicon feature sizes further decrease and wiring layers fur-
ther increase. According to the latest International Technol-
ogy Roadmap for Semiconductors (ITRS2010M!1), feature sizes
will shrink to 32 nm, the wiring layers will reach 13 and wafer
diameters will increase from 300 to 450 mm. Cu has a good
conductivity and is used as interconnect lines and low k (k =
2.2-4.0)/ultra low k (k < 2.2) dielectric materials in the semi-
conductor industry. As the elastic modulus of copper and low
k is greatly different, the ratio of Cu and low k is 15 : 1-60 :
1, while the ratio of Cu and silica is 2:1. Cu polishing under
pressure (2—6 psi) in traditional CMP polishers!?! often results
in stripping and low k damage. In addition, the material re-
moval rate (MRR) of traditional CMP is mainly controlled by
the larger wafer polishing pressure and chemical characteris-
tics of slurry. Total copper error loss is greater than 30 nm,
which causes some resistance uncertainty in the circuits and
thus cannot guarantee the computing speed and reliability of
the chip. Hence it is necessary to decrease polishing pressure
and improve the characteristics of slurry, which not only takes
copper CMP into the area of low down force, but also brings
higher requirements to the CMP process, equipment and con-
trol of polishing pressures.
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Zone back pressure control technology®! is still a hot re-
search issue. The technology involves dividing a wafer into
several zones and, by controlling the back pressure of each
of the zones, adjusting the regional MRR to guarantee global
flatness. Applied Materials have studied the technology be-
fore, but there is no public information available. SpeedFam-
IPEC have studied a multi-zone pressure compensation algo-
rithm where, first, the wafer surface thickness profile is ob-
tained and, then, the removal profile of the wafer is calculated
according to the desired removal thickness and to get the pol-
ishing pressure curve by calculating the relationship between
the MRR and pressure. Finally, each zone pressure is adjusted
to approximate the polishing pressure curve. Sun et al.!*) estab-
lished a compensate pressure calculation model by using the
Preston equation to analyze the wafer back pressure distribu-
tion of three zones and then an ‘equi-area method’ was used
to characterize the desired applied pressure so that the opti-
mum combination of pressures could be determined. Lin!%! es-
tablished a 2D axisymmetric quasi-static finite element model
with carrier back pressure compensation for the CMP process.
The effect of a given carrier back pressure on the stress com-
ponents and von Mises stress on the wafer surface was ana-
lyzed and the effect of different carrier back pressures on von
Mises stress and nonuniformity on the wafer surface was in-
vestigated. The findings indicated that the axial stress was the
dominant factor on the von Mises stress distribution on the
wafer surface and during the CMP process it could achieve
the purpose of improving the planarization of the wafer sur-
face by compensating for different carrier back pressures. Shiu
et al1®! regarded multi-zone CMP as a non-square multivari-
able system. Two control strategies with different degrees of
complexity were proposed, one is the ratio control and the
other is on-line multivariable control. Results show that achiev-
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Fig. 1. Illustration of the CMP mechanism.
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Fig. 3. Pneumatic pressure control system of multi-chambers.

able control performance can be maintained using SVD-based
multivariable-controllers and the performance is a little short
of the achievable performance by using the ratio control. These
studies focused on the effect of magnitude and the distribution
of back pressure on the uniformity of the wafer surface pol-
ishing. For multi-chambers it is crucial that there are pressure-
regulating, rapid, stable and accurate responses to the target
value, which is the basis of future research. However, little
work has been done on how to adjust the pressures of multi-
chambers quickly and accurately in order to achieve the tar-
get.

2. Multi-chambers coupling

CMP equipment, as illustrated in Fig. 1, consists of a pol-
ishing head, a polishing platen supporting a polishing pad, con-
ditioner, slurry transportation, robot, etc. During the CMP pro-
cess, a wafer is affixed to the polishing head and pressed face-
down onto a polishing pad. Relative motion occurs between
the surface of the wafer and the surface of the pad. Slurry with

chemical solutions and abrasive particles held in suspension
is dripped onto the rotating pad and uniformly dispersed on it
due to the centrifugal force during polishing. The chemical so-
lutions oxidize and soften the surface by chemical reaction, the
polishing head produces a face-down pressure and mechanical
friction is induced from the contact between the wafer’s surface
and the abrasive particles due to the relative rotation between
the platen and the polishing head. Thus the unplanarized thin
layer of the wafer surface can be removed[’). The function of
the conditioner is to remove the remains of polishing pad sur-
face and refresh the pad activity. The polishing head is one of
the most important parts of CMP equipment. The new genera-
tion of polishing head designs mainly adopts the technology of
zone back pressure control. The polishing head mainly consists
of multi-chambers, a flexible diaphragm, a retaining ring, etc.
Its schematic diagram is shown in Fig. 2.

Polishing head pressure control of multi-chambers in-
cludes wafer pressure control and wafer vacuum control. The
pneumatic pressure control system of multi-chambers is shown
in Fig. 3.
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Fig. 4. Chamber 1 and chamber 2 pressure response curves.

The pneumatic pressure control system mainly consists
of a controller, digital output (DO) modules, high-precision
pressure sensors, electrical pressure proportional valves, a gas
source, an oil mist separator, an air filter, valves, digital-to-
analog output (D/A) modules and analog-to-digital (A/D) input
modules, etc.

As shown in Fig. 2, the part between two chambers and the
part contacting with the wafer are flexible diaphragms. When
the chamber is inflated, the pressure of the chamber increases,
the volume of the chamber will also accordingly increase and
the adjacent chamber will be squeezed, so a coupling effect
occurs between the two adjacent chambers and even spreads to
other chambers. When the inflated pressure increases further,
the coupling effect will become apparent. When zone 1 (e.g.
the contact part of chamber 1 with wafer) is pressurized by 0.5
psi and 2 psi, separately, the pressure response curves of cham-
ber 1 and chamber 2 are shown in Fig. 4. It can be seen from
Fig. 4 that when zone 1 is pressurized, the volume of chamber
1 increases and then the zone 2 is squeezed accordingly, so that
the pressure of chamber 2 increases instantaneously. However,
as the electrical proportional valve is set to zero in advance, the
pressure of chamber 2 will be adjusted to zero finally. In addi-
tion, with the zone 1 pressure increasing, the peak pressure of
chamber 2 also increases. Figure 5 shows that when zone 3 is
pressurized by 0.5 psi and 2 psi, separately, the coupling coef-
ficient of zone 2 and zone 3 or zone 3 and zone 4 is apparently
greater than the coupling coefficient of zone 1 and zone 2.

Figures 4 and 5 show that the coupling effect mainly occurs
between two adjacent chambers. The inflated single-chamber
not only faces the problems of volume variation, time varia-
tion and nonlinearity, but also the problem of coupling. With-
out first solving the problem of coupling, it will be difficult
to carry out system identification and parameter estimation ac-
curately for the chambers and execute follow-up optimization
control, so it must be performed first in order to decouple the
multi-chamber system.

o4
= hamber 3
205 £ = ——
: amber
0 1 2 3 4 "
T(s)
A
2
= Chamber 3
=
i Chamber 2
le
0 >
1 2 3 4 5
T(s)

Fig. 5. Chamber 2, chamber 3 and chamber 4 pressure response
curves.

3. Multi-chambers decoupling

Known by the viscous Newtonian fluid equations, the
single-chamber volume can be expressed as follows!®!:

dv,
—t (V. —
"4 + (Ve

V20,i) = Vii (Pzi,i — Pstp)

+ Y ¥ij(Paj = Pj). (1)

i#j

where 7, is the volume expansion/contraction time constant,
V. is the chamber volume, V,o; is the initial volume of the
chamber under standard temperature and pressure (STP), P ;
is the chamber pressure, Psrp is the initial pressure under
STP, y;; represents the expansion/contraction coefficient and
yi;j represents the coupling coefficient between chamber i and
chamber ;.

Suppose Pii = Vii(Pi; — Pstp) and Q;; =
> vij(Psi,j — P, j), then Eq. (1) changes to:
i#j
v,
Ty dt’l + (Vai = Vao,i) = Pii + Qi j. 2

Equation (2) shows that the inflated single-chamber faces
the problem of volume and coupling variations. The degree of
coupling depends on the coupling coefficient and the differ-
ence between two adjacent chamber pressures. So to reduce
the adverse effect of coupling, it can make Q; ; = 0, and then
the only problem remaining is the varying volume. It can be

seen from Eq. (2) that when the item t, dZ?i + (Vi — Vao.i) 1s

smaller, the problem of varying volume can be approximated
as the constant volume problem. To make 7, dZ—;’i +(Vei—Va0,i)
smaller, only decreases the item P; ; + Q;, ;, however, the P, ;
is used as the set pressure, only decreasing the Q; ;. In addi-
tion, as a different chamber has a different pressure response
characteristic before un-tuning control parameters, it is diffi-
cult to guarantee Q; ; = 0. To solve the above problems we
can take the following steps to carry out system identification
and control.

Step 1: transform a varying volume problem into a con-

stant volume problem. If a varying volume problem can be
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Fig. 6. Chamber 1 pressure response curve with zone 2 (a) un-pressed
and (b) pressed 3 psi.

transformed into a constant volume problem, it will facilitate
the research of system identification, parameter estimation and
control parameter tuning. The method is to make Q; ; < 0,e.g.
when one chamber is inflated, the adjacent chambers have been
inflated in advance. Although the chamber is already squeezed
at the beginning of inflation, which makes the volume of in-
vestigated chamber smaller, the decreased volume can be ig-
nored in comparison with the total volume. The single-chamber
pressure response curve is shown in Fig. 6. Compared with the
adjacent unpressurized chamber, it can be seen that when the
adjacent chamber is inflated in advance, the coupling effect is
reduced greatly and it is easy to get a quick and stable response
curve.

Step 2: eliminate the adverse effect of coupling. The
method is to make Q; ; = 0, e.g. to let adjacent chambers
inflate together. As each chamber has its initial tuned con-
trol parameters in the above-mentioned step 1, the pressure
response speed has been enhanced and the response time has
been shortened, which can always maintain Q; ; = 0 during
the inflation process. At this time it is necessary to optimize the
control parameters further after eliminating the adverse effect
of coupling.

Step 3: inflate all multi-chambers at the same time. In this
step the control parameters obtained in the step 2 will be eval-
uated and optimized further.

The function of chamber 4 is to control the wafer edge
pressure and its volume is the smallest in all chambers. As
chamber 4 is the smallest and the initial squeezed volume can-
not be ignored any longer, it is impossible to carry out system
identification and control parameter tuning accurately by using
the above-mentioned 3-steps method and it is necessary to take
a different approach to decoupling. The method is to let zone
3 and zone 4 become pressed together, e.g. make Q; ; = 0.
As previously mentioned, the control parameters are unknown
and different at the beginning of un-tuning, so it is hard to make
Q;.; = 0 and the results are incredible. However, the volumes
of chamber 3 and chamber 4 are relatively small and their re-
sponse time is very short, so it can maintain the Q; ; = 0 dur-
ing the whole inflation process. The pressure response curves
of chamber 3 and chamber 4 are shown in Fig. 7.
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Fig. 7. Zone 3 and zone 4 pressure response curves.

4. System identification and parameter estima-
tion

The process of system identification involves obtaining
the mathematical model by mathematical analysis based on in-
put/output experimental data of the controlled object and deter-
mining the model structure (including the form of equations,
order of equations and delay state, etc.) in detail. Based on
the calculated model, the method used to determine the model
parameters is known as parameter estimation(®!. In this paper
the main purpose of system identification is to determine the
mathematical model of the pneumatic pressure control system
and parameter estimation is used to obtain all the parameters
of the mathematical model.

With reference to the above-mentioned decoupling
method, the main steps to carry out system identification and
parameter estimation are as follows.

Step 1: system identification and parameter estimation are
first used for chamber 1. Here, chamber 2 is inflated to 3.5 psi.

Step 2: system identification and parameter estimation are
used for chamber 2. Here, chamber 1 and chamber 3 are inflated
to 3.5 psi.

Step 3: system identification and parameter estimation are
used for chamber 3 and chamber 4. Here, chamber 2 is inflated
to 3.5 psi.

The step response method is used to establish the mathe-
matical model of the pneumatic control system in later exper-
iments. As the response time of the electric pressure propor-
tional valve is 0.1 s, so the lag time of the control system can
be ignored. Due to the shape of the step response curve trans-
fer function, it is assumed to be first-order inertial function. Its
mathematical model is as follows:

K
T Ts+ 17

For the step input voltage signal 1, the step response of
first-order inertia system is:

3)

p(t) = Kuo(1 —e™/T). )

When the time ¢ tends to infinity, p(f)|;»00 = p(00) =
Kug then

K= p(OO)_ )
Uo
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Fig. 8. Experimental platform with polishing head.
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Fig. 9. The calculated curve compared with the experimental curve.

It is known that the input voltage is 1.5 V, the output pres-
sure value is 15 kPa, so the K = 10, then

p(t) = 10up(1 — /7). (6)

Set t equal to 7/2, T and 2T separately, then obtain three
values of 7" accordingly based on the information of the curve
and take the average of the three values, 7' can be obtained. For
chamber 1, T = 0.3 s, then

p(t) = 15(1 —e™>%). ™)

To verify the accuracy of the identification results, the cal-
culated results are compared with the experimental data. The
set step pressure value is 20 kPa. It can be seen that the calcu-
lated curve is basically consistent with the experimental curve,
as shown in Fig. 9, which proves that the above hypothesis of
the first-order inertia system is correct. The experimental plat-
form is shown in Fig. 8. In addition, there is a minimum value
limit to the response of the solenoid valve, which is mainly due
tol10]: solenoid inertia of the electromagnetic solenoid valve
(the lag effect caused by electromagnetic transient phenom-
ena), initial preload of feedback spring, no load motion of mov-
ing parts and Kunlun friction.

As regards the remaining chambers, the time constant 7"
can be calculated by the above-mentioned method and they are:
T, =0.26s,73 =024s, T4 =0.165s.

5. System decoupling control

The experimental curve in Fig. 8 is the open-loop outcome
without any control algorithm. It can be seen that when pres-
sure reaches the steady-state value, the response time exceeds
2 s. As to a chamber, the response time even exceeds 5 s, which
is unacceptable to the high requirements of time and efficiency
in the CMP process, so it is necessary to improve the system
response characteristics and dynamic performance. During the
inflatable experiments, it is inevitable that there is a large de-
viation pressure value from the set pressure value at the be-
ginning of inflation, which causes an integral accumulation
problem of the PID integral part and results in the controlled
parameter exceeding the ultimate value of electric proportional
valve, so as to cause a large overshoot of the system and even
shock. The pneumatic control system takes an integral sepa-
rate PID algorithm to adjust the pressure of chambers in order
to improve the system response characteristic and dynamic per-
formance. The main idea of the algorithm is to cancel the inte-
gral role at the beginning of the down-press process to enhance
the stability of the control system and introduce the integral ac-
tion when the pressure value closes to the set value to improve
control precision by eliminating steady-state errort!!].

In the inflatable experiments, it was found that if the cou-
pling effects between two adjacent chambers are not consid-
ered, the single-chamber control parameters (e.g. PID para-
meters) obtained are not suitable for multi-chamber simulta-
neous inflation at all. Therefore it must be done to decouple
the multi-chamber pneumatic control system so as to obtain
the available control parameters.

The system decoupling control process is mainly divided
into three steps:

The first step is to tune the control parameters of single
chamber. The second step is to optimize the parameters based
on the tuned parameters. The third step is to further optimize
the parameters of all chambers. The detailed steps are as fol-
lows:

(1) single-chamber system control parameter tuning

According to the previous analysis of decoupling and the
method of single-chamber system identification, the main steps
to get the single-chamber control parameters are as follows:

Step 1: control parameter tuning of chamber 1. Chamber 2
is inflated to 3.5 psi.

Step 2: control parameter tuning of chamber 2. Chamber 1
and chamber 3 are inflated to 3.5 psi.

Step 3: control parameter tuning of chamber 4 and chamber
3. Chamber 2 is inflated to 3.5 psi.

PID parameter tuning is mainly carried out by using the
Matlab simulation and experimental feedback method. Figure
10 is the Matlab simulation model and pressure response curve,
and Figure 11 is the experimental response curve after PID tun-
ing.

The controlled parameters of chamber] after PID tuning
are as follows:

At the beginning of inflation: K, = 8, K; = 0.

Close to the set value: K, = 8, K; = 5.

Lots of experiments are carried out to get the pressure re-
sponse time in different set pressures and steady-state errors
after PID parameter tuning. It can be seen from Tablel that
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Fig. 10. Matlab simulation model and experimental response curve.
9 Table 1. System response time and steady-state errors under different
low down forces.
Set pressure Steady-state errors Response time
, (psi) (psi) (s)
= 0.5 0.0198 0.544
o L 0.6 0.0160 0.588
0.7 0.0030 0.675
_ 1 0.0184 0.730
p‘_; 1.5 0.0155 0.802
& 1.8 0.0198 0.769
1.9 0.0063 0.803
3L 2 0.0078 0.910
Table 2. Control parameters PI of all chambers.
Chamber P I
Chamber 1 8 5
0 ' ' ' ' Chamber 2 12 6
02 04 , 06 08 Chamber 3 15 6
© Chamber 4 1 6

Fig. 11. The experimental response curve after PID tuning.

(2) Control parameter optimization of a single chamber

the response time is under 1.5 s under a low down force and As the tuned PI parameters were obtained in the case of
steady-state errors are under 0.02 psil!2]. not eliminating the adverse effect of coupling completely by

The control parameters P/ of all chambers are shown in  decreasing the adverse effect of coupling, it is necessary to
Table 2. optimize the experimental results further. The method of op-
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Fig. 12. Response curves of all chambers under different pressures. (a) 0.5 psi. (b) 1 psi. (c) 1.5 psi. (d) 2 psi.

Table 3. The optimized parameters of all chambers.

Chamber P I
Chamber 1 5 5
Chamber 2 11 6
Chamber 3 12 6
Chamber 4 11 6

timization is to make Q; ; = 0 of Eq. (2), e.g. to eliminate the
adverse effect of coupling completely. The main steps are as
follows:

Step 1: control parameter optimization of chamber 1.
Chamber 1, chamber 2 are inflated simultaneously.

Step 2: control parameter optimization of chamber 2.
Chamber 1, chamber 2, chamber 3 are inflated simultaneously.

Step 3: control parameter optimization of chamber 3 and
chamber 4. Chamber 1, chamber 2, chamber 3, chamber 4 are
inflated simultaneously.

The optimized parameters after the above-mentioned steps
are shown in Table 3.

(3) Parameter tunings of all chambers

The ideal pressure response curves have been obtained af-
ter the parameter optimization of a single chamber, and then
experiments are carried out for all chambers at the same time
and the results evaluated. The experimental curves under pres-
sure of 0.5, 1, 1.5, 2 psi are shown in Figs. 12(a)-12(d).

It can be seen that the above optimized control parameters
can meet the requirements perfectly, thus it can also prove that
the whole experimental method is feasible and correct.

(4) Pressure distribution of the wafer surface

CMP pressure is between the polishing head and pad, the
wafer surface pressure is the ultimate target. The control sys-
tem implemented above is a semi-closed loop control in the
strictest sense. Pressure is transferred from the chambers to the
wafer surface. So it is necessary to test the overall pressure ef-
fect of all chambers.

At present, a contact area array pressure sensor, which is
produced by U.S. production company Tekscan, is used in the
experiments to get the distribution of pressure by using dot ma-
trix sensor units. The measuring range of the sensor is 05 psi
and accuracy is 1%. When all chambers have 1 psi pressure
applied, the captured pressure distribution figure is shown in
Fig. 13.

From Fig. 13 it can be seen that the silicon surface pressure
distribution is more uniform, same with the chambers’ pressure
1 psi.

6. Conclusions

In this paper the following conclusions can be drawn:

(1) a decoupling method of multi-chambers is developed
for the multi-chambers coupling effects. Three steps are taken
to carry out the system identification and control, except for
chamber 4. As to chamber 4 another decoupling method is
used.

(2) Based on decoupling method, a detailed decoupling
process is given to carry out system identifications of all cham-
bers, and then the mathematic models are achieved by para-
meter estimation. The experimental results prove that the math-
ematic models obtained are correct.
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Fig. 13. Pressure distribution of the wafer surface under 1 psi pressure
of all chambers.

(3) According to the mathematic models above, the con-
trol system takes the integral separate PI algorithm to adjust the
pressures on the wafer back. The parameter tuning of a single
chamber is carried out and then optimizations are implemented
by a detailed decoupling process. Finally all chambers are in-
flated at the same time and the decoupling method is checked.
The experimental results prove that the decoupling method de-
veloped in this paper is feasible and correct. In addition, the
system after optimization has higher stability, reliability and

accuracy, and can be referenced in the engineering fields.

(4) A wafer surface pressure distribution experiment is car-
ried out to test the overall pressure effect of all chambers. The
captured figure shows that the silicon surface pressure distri-
bution is more uniform, as is the chambers’ pressure.
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