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Abstract - We have implemented a fast pressure control system for the transport chamber of a high va-
cuum cluster tool for advance semiconductor fabrication and evaluated its performance. To overcome
the typically slow response of mass flow controllers, the modified experimental method is used very ef-
fectively to optimize the pressure control procedure. We successfully obtained quite fast pressure control
by adjusting the starting time and the tuning constants by the Ziegler-Nichols method. In the transport
pressure of 5X 107 torr, actual pressure control starts from 4 sec after an initial gas load of 2.1 sccm. As
a result, optimum conditions for the tuning constants are the rise rate of 0.02 torr/sec, the lag time of 0.
15 sec, and the sampling period of 0.5 sec. Then the settling time is about 9 sec within about +0.5%
for the referenced value. This settling time is enhanced above 75 percents in comparison with con-
ventional experimental method. To account for the experimental effects observed, a theoretical model
was developed. This experimental result has a tendency to fit with the theoretical result of w=-1.0.
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I. Introduction may pose an increased threat to yield. Today a ser-
ies of advanced semiconductor processes is being
As devices become more complex and di- integrated via multi-chamber systems with a cen-
mensions become smaller, contamination and na- tral transport module, that is called a cluster tool
tive oxide formation due to atomspheric exposure [1]. The use of the cluster tool has reduced fa-
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brication costs and extended equipment cycles. In
addition, it is very attractive that wafer transport
from process to process is performed under high
vacuum. But many particles can be generated
from processes, equipment, materials, humans, and
so on. All of these might contribute significantly
to the generation of contaminated films. The main
cause of contamination are not the cleanroom any
more. As device complexities increase to ULSI
(Ultra Large Scale Integrated Circuit) levels, the
contamination induced by particles generated from
process has become more important, even dom-
inant[2]. The control of particle contamination is
one of the main challenges on the way to ever
higher integration in the production of advanced
semiconductor devices. And there exists a rec-
tangular slot valve between the transport and the
process chambers for vacuum isolation. Most par-
ticles can be generated in the process chamber aft-
er actual semiconductor fabrication. On opening
the slot valve between region of higher pressure in
the range of 10” torr to the transport region of low-
er pressure in the range of 107 torr or less. Be-
cause the cluster tool is composed of various
chambers, it is very important to cffectively con-
trol the particle movements bwteeen chambers.
Therefore, it is necessary to precisely control the va-
cuum level for wafer transportation between the tran-
sport module and cassete or process modules in a
molecular flow range. Then the main problem is to
shortening a large time-delay for the typically slow
response of the mass flow controllers. To avoid cx-
cessive overswing or too a slow response to
changes of the pressure setpoint, the analysis of the
developed pressure control system is discussed.

II. Experimental

Figure 1 shows the configuration of experimental
apparatus for a SEMI (Semiconductor Equipment
and Materials International)-compliant domestic clus-
ter tool[3]. Each processing mdoule is mechanically

Fig. 1. Configuration of the cluster tool.

and electrically independent and it has its own va-
cuum and control system. There are rectangular slot
valves between modules, with acceptable pressure
difference of 22.5 mtorr. The vacuum system of the
transport module is composed of an ion gauge, a
convectron gauge, isolation valves, a turbo-drag pu-
mp with its electronic drive, vacuum valves, a di-
aphargm pump, and a throttle valve with its contro-
ller. The ion gauge measures a high vacuum pressure
below 107 torr, and the convectron gauge measures a
low vacuum pressure between 760 and 107 torr.

The control system of the cluster tool is com-
posed of a cluster tool controller (CTC), transport
module controller (TMC) and process module con-
trollers (PMCs). These are interconnected via an
ethernet cable network. The CTC is the main con-
troller that commands and schedules the TMC and
PMCs and interacts with the operators. The TMC
performs all the jobs related with wafer and cas-
sette movements by controlling robot, aligner, cas-
sette elevators, and various valves. Each PMC is
dedicated to its own process module, such as me-
tal and oxide etchers[4].

Figure 2 shows the schematic of the pressure
control system for the transport chamber. To con-
trol the flow rate of nitrogen gas, the TMC cal-
culates PID output by comparing a user-supplied
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Fig. 2. Schematic of the pressure control system of the
transport chamber.
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Fig. 3. Characteristic curves of the mass flow controller
for nitrogen gas.

setpoint signal and a voltage signal from the ion
gauge. Then MFC power is supplied by MFC con-
trol board in the MKS 146 controller. The inlet
pressure of nitrogen gas is maintained at about 40
psi. Figure 3 shows the characteristic curves of the
mass flow controller for nitrogen gas. We can see
that the mass flow controller has a dead time of 1
sec. It takes 4 sec to stabilize within 2% for 20%

and 100% setpoint of full scale.
II1. Theoretical Background

A. Theoretical analysis.

S48k ), A S, Al 4 E, 1996

In order to design vacuum and pressure control
systems, we must utilize vacuum technology for
the various components between process chamber
and vacuum pump. If the pressure is low enough
for molecular flow, the gas flow, Q, at the chamb-
er can be expressed by the following equation.

Q=-V(dP/dt)+Q. 1)

We consider the total gas flow resulting from
the various sources in a chamber.

Q.=Qp+QI+Qm+Qo 2

Where Q, is total gas flow, Qp its artificial gas
flow entering the chamber for process, Ql is gas
flow which penetrates into the chamber as a result
of leakage, Qm is gas flow entering the chamber
by permeation through walls, and Qo is gas result-
ing from diffusion, vaporization and back stream-
ing.

At very low pressure where the mean free path
is much larger than the dimensions of the vacuum
enclosure, the flow is molecular. In molecular
flow, the value of the Knudsen number must satis-

fy the following condition:
D/A<1 ©)

Where A is the mean free path, and D is 16 cm,
the diameter of the exhaust tube. For air, at am-
bient temperature the simple formula[5]

A=5% 10%/P @)

can be use, with P-torr and A-cm. Where P in-
dicates the average pressure in the chamber. By us-
ing equations (3) and (4), it results that the con-
dition for molecular flow is P<3.125x 10" torr. Be-
cause it must have the value below 3.1x 10* torr
in a molecular flow, the initial values have been
selected to 1x10* torr and 5Xx10° torr, to which
it is possible to pump down the process module
from process pressure within 10 sec.

From equation (2), if we neglect small quan-
tities of Ql, Qm and Qo, the relation between the
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thorughput and the flow rate of the gas is em-
pirically determined by the pressure-rise method.

1 sces=1/60 scem=0.76 [torr - 1/sec]
Qp=AP - Vit[torr - Isec]=0.0127 - V' %)

Where V is the volume of the chamber, V' is
the volumetric flow rate, and t, is the unit of time.

From these equations, we can establish the
governing equation for wafer transportation in the
molecular flow range. It becomes the following fi-
nal differential equation,

C, - dP+[P+C,+C, - Qp]dt=0

C.=(1+Sp/C)/StV

C,=-Po(1+Sp/C)

C,=-(14Sp/C)/St (6)

where C is total flow conductance, Po is the base
pressure, St is the theoretical pumping speed, and
Sp is the real pumping speed of the vacuum ex-
haust system. The time required for lowering the
pressure in the chamber from Pi to P has two solu-
tions according to the type of Qp.

1. If Qp=constant

If Qp is assumed cnstant, one can obtain the e-
quation for the time required to reduce the pres-
sure by integrating equation (6) using the variable
separation method.

t=(V/St) [1+(Sp/C) In [(Pi-C.)/(P-Cy)] %)
P=(Pi-C,) - exp [(-V/SHU{1+(Sp/C)}+C,
C.=[1+(Sp/C)[Po+[1+(Sp/C)](Qp/St)

Where Pi is the value of an initial pressure in the
chamber.

2. If Qp=f{(t)

If Qp changes with the time, one can obtain the
equation of time required to reduce the pressure at
the chamber by converting the equation (6) to
another type. We can represent Qp as the fol-
lowing equation by an experimental approach.

Qp=Qi(l-¢™) ®)

Where Qi is initial gas throughput.

After introducing equations (&) into (6),

dp/dt+P/C,=f(t) ©9)
f(t)=-C/C,+CJ/C, - ™ (10)

This equation (9) is frist-order linear differential
and non-homogeneous. The general solution can
be represented as follows|6]:

P()=e ([ el () di+CJ a1
Introducing equation (10) into (11),

P(t)=C., - e""-CAH[C/(1-0C)] - e* (12)
C=C, - Qi
C=C#C, - Qi=C:HC,

Because the initial condition is P=Pi at t=0, the
constant C, can be obtained from equation (12).

C=Pi+Co[C/(1-0C)] 13)

After the time, t, the pressure reaches to the value
as follows:

P=[Pi+C,-C/(1-0C,] - e*"-CeH[C/(1-0C)] - e
t=[C/A+0C)] - In [Pi - C/1-0CHC, - CA1-0C)
-{CJ/(1-0C)YJ/C, - P] (14)

In this section, definitions of all symbols and
numerical values for calculations are descibed in
Table 1. Theoretical results will be discussed in
the following paragraph.

B. Control agorithm.

Generally, the control system is divided in three
parts. First part is the sensing part for the de-
tection of physical properties to be controlled.
Second part is the control part for the calculation
of output from the error against the referenced
value. Last part is the output part in order to con-
trol actual properties. The output of the system is
based on the pressure error, which is the diff-
erence between the system's desired and actual out-
puts. The controller output is the weighted sum of
the error, the integral of the error with time and
the rate of the error change. Following is the con-
tinuous time equation for pressure control.
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Table 1. Definitions and numerical values of parameters in theoretical analysis

parameter unit definition numerical value

C [1/sec] total flow conductance 1680

C, C, ..., C - constants -
D [em] diameter of the exhaust tube 16
H [em] height of the transport chamber 11.2

K., K, K, K. constants -
L [em] length of the exhaust tube 20
P [torr] vacuum pressure 1x10* or 5x10°
P, [torr] initial pressure 760
P, [torr] base pressure of the pump 1.333x 10"
Q [torr - /sec] total gas throughput variable
Q [torr - /sec] initial gas throughput variable
Q [torr - fsec] gas throughput by leakage negligible
Q. [torr - /sec] gas throughput by permeation negligible
Q. [torr - /sec] gas throughput by diffusion, negligible

vaporization, back streaming etc.
R [cm] radius of the transport chamber 40
S, [1/sec] real pumping speed 355
S, [1/sec] treoretical pumping speed 450
t [sec] evacuation time variable
t, [sec] unit time 1
v {1] volume of the chamber n-40>11.2-10°
A\ [1/sec] volumetric flow rate variable
® index -
A [cm] mean free path -
O(t)=K[E(t)+(1/Ti)- / E(t) dt+Td-dE(t)/dt] response. The rise rate is the maximum of the
(15) measured rate of change, divided by the mag-

where O(t) represents the output, and E(t)
represents the pressure error with time. the used
closed loop control attempts to implement PID
control using the Ziegler-Nichols method[7]. The
output of this type of control is a weighted sum of
the current error and last three error values. Ac-
tually the discrete type equation is applied.

o(t)=K, - E(t)}+K, - E(t-1)+K, - E(t-2)+K, - E(t-3)
(16)
The values K, Ti and Td are callculated according
to the following Zieglet-Nichols PID tuning rule,
K=1.2/Gr - Lt
Ti=2 - Lt
Td=L/2 (17)

where Gr is the fastest rising slope of the open
loop response, and Lt is the lag time of the

=

S8, A5, A 43, 199

nitude of the input step. The lag time is calculated
from the maximum of the measured rise rate and
where that point was measured.

The values of the constants, K, to K, are cal-
culated by the transport module controller ac-
cording to the measured lag time, rise rate of the
open loop system and the sampling period,

K,=aK

K={b-(y-1)a}K

K.={c+ay-(y-1DK,}K

K={-yKi-(y-DK,}K (18)
where

y=-exp(-3Ts/Td)

a=1+(Td/Ts)

b=y-1+(Ts/Ti)-(2Td/Ts)

c=(yTs/Ti)+(Td/Ts)-y (19)

and Ts is sampling time. The sampling time is ad-
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justed to feedback sufficiently by the mass flow
controller.

The input parameter is the voltage signal of the
ion gauge, that is 0 to 10 volts for 10" to 10° torr.
And the output parameter is the voltage signal of
the mass flow controller, that is 0 to 5 volts for 0
to 5 scem.

IV. Summary

To determine the full range of the mass flow
controller, we calculate the pressure vs. time for
several constant values Qp using equation (7).
When the flow rates of nitrogen gas are Qp=0.0, 0.
3, 1.5, and 3 sccm, the pressure variations as a
function of time are given in Figure 4. In this
analysis, we can see that the maximum admissible
flow rate of the mass flow controller should be 5
sccm for wafer transportation.

In the meantime, we carried out preliminary ex-
periments to be stabilized at some point as soon as
possible. Many of experimental results are clas-
sified into three types with overshoot, undershoot
and saturation to the reference value. Several
results are compared with conventional method.
Figrue 5 shows pressure variations as function of
time for various parameters of Gr, Lt and Ts.
Then the transport vacuum in 5% 10° torr and the
initial pressure of the transport chamber is 2.2x 10*
torr. As the lag time is shorter, the response time
of the mass flow controller is faster. Also we can
observe the phenomena of both overshoot and un-
dershoot for the referenced value. The overshoot
appears with proper adjustment of the rise time
and the sampling period, but gradually disppears
by increasing the lag time. In these conventional
cases, the particles can be traveled because of sud-
den fluctuation of the pressure in the cluster tool.
The best of settling time is about 20 sec within a-
bout +1.0% for the referenced value. Then the
rise rate is 0.02 torr/sec, the lag time is 0.25 sec,
and the sampling period is 0.4 sec.
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Fig. 4. The pressure variations versus for various con-
stant values of Qp.
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Fig. §. Pressure variations as a function of time for vari-
ous values of Gr, Lt and Ts at a transport vacuum of 5 X
10° torr.

From Figure 3, we conclude that the settling
time within 2% for a setpoint requires about 4 sec
including the delay time of 1 sec. Therefore we
have tried modified experimental method in which
the pressure control starts from 4 sec after an in-
itial gas load. Figure 6 represents pressure vari-
ations by conventional and modified experimental
methods. On applying the modified experimental
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Fig. 6. Comparison for pressure variations by the con-
ventional and modified experimental methods at a tran-
sport vacuum of 5X 107 torr.

6.e-5
|
1
5.e-5 - -
N7
4
N
= 4.e-5 i @=-1.0
g ©=-0.05
E 25 - =005
trEI:J expenmental
3
.e-5
ﬂ 2e -1
& !
a. I
1e-5
|
0e+0 -
T T T T T J
Q 5 10 15 20 25
TIME (SEC)

Fig. 7. Pressure variations with time for various index
 at a transport vacuum of 5x 10* torr and Qi = 1.457
scem.

method, the settling time have dramatically im-
proved to about 8 sec within about +1.0% for the
referenced value. In the case of the transport va-
cuum of 5x 10° torr, the rise rate is 0.02 torr/sec,
the lag time is 0.25 sec. And the sampling period
is 0.5 sec, the initial gas load of the nitrogen is 1
sccm. The settling time for modified experimental

FEeE A, A5, Al 435, 199%
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Fig. 8. Comparison for pressure variations by the con-
ventional and modified experimental methods at a tran-
sport vacuum of 1x 10¢ torr.

method is enhanced above 75 percents in com-
parison with conventional experimental method.
From the same conditions, we have calculated pr-
essure variations with time for the index ®, which
varies from -1.0 to 0.05 as shown in Figure 7. The
experimental result has a tendency to fit with the
theoretical result of w=-1.0. Because we neglected
the residual gas remaining from leakage, out-
gassing and permeation in the simplifying step of
assumptions, there are some differences between
actual and theoretical values. Because of the delay
time of the mass flow controller, the pressure gra-
dient of the analysis is steeper than that of the ex-
periment. But the measure for both cases becomes
constant within about 9 sec.

Figure 8 shows pressure variations by con-
ventional and modified experimental methods in
the case of the transport vacuum of 1x10* torr.
Optimum condition for the tuning constants in the
modified method is the rise rate of 0.02 torr/sec,
the lag time of 0.15 sec, the sampling period of 0.5
sec, and the initial gas load of 2.1 sccm. In this
case, the settling time is about 9 sec within about
+0.5% for the referenced value. The maximum



Analysis of Fast Pressure Control by the Ziegler-Nichols 291

1.2e-4
1.0e-4 - 7
_ Boe5 ~ ©=-0.1
[ ®=-0.03
g w=0.0
£ 8.0e-5 o w=0.03
w experimental
4
5
@ 4.0e5 -
w
4 :
& :
2.0e-5 7
0.0e+0 -
j
G T T T T T
0 ) 10 15 20 25
TIME (SEC)

Fig. 9. Pressure variations with time for various index
® at a fransport vacuum of 1x10* torr and Qi = 2.915
sccm.

variation of the pressure is 1.0x 10* torr, which is
the same as the desired output. At the same con-
ditions, we can see that the modified method sur-
passed the conventional method in settling time.
Figure 9 shows pressure variations with time as
the index @, which changes from -01 to 0.03. At
the transport vacuum of 1x10* torr, the ex-
perimental result also has a tendency to fit with
the theoretical result of ®=-0.03.

To raduce the contamination levels, it is ad-
vantageous to open and close the rectangular slot
valve at the value of higher pressure. For wafer
transportation, we have chosen and applied to the
pressure of 5xX 10° torr in the transport chamber of
the cluster tool. We can see that it prevented the
transport chamber from back streaming of process
gases from the process chambers.

V. Conclusion

In this study, we have developed a pressure
control system for the cluster tool and evaluated

its performance. The control algorithm is the
Ziegler-Nichols method which considers the
weighted sum of the last three error and current
error values. We successfully obtained quite fast
pressure control by adjusting the starting time
with some initial gas load and the tuning con-
stants in the control loop algorithm while taking
into account the typically slow response of mass
flow controller. In the case of the transport pres-
sure of 5X 107 torr, the settling time is less than
10 sec within about +1.0% for the referenced
pressure. This pressure control system prevented
the transport chamber for back steaming of pro-
cess gases from the process chambers. And cross-
contamination between modules will be reduced
by allowing wafers to be transferred at precisely
controlled vacuum pressure.

To evaluate the effectiveness of the developed
pressure control system, we are planning to quan-
titatively measure the particle contamination con-
tributed by the transport and process modules.
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