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Feedback control has the potential for improving the reliability and performance of radio frequency
~rf! plasma processing reactors for microelectronics etching, deposition, and cleaning applications.
Implementation of real-time-control strategies has been slowed by lack of analytic or computational
tools to design or optimize systems. To address this need, the virtual plasma equipment model
~VPEM! has recently been developed for investigating issues related to feedback control in rf
plasma processing equipment. The VPEM has been employed to investigate feedback control of
inductively coupled plasma processing reactors for polysilicon etching and, in this article, results
from these studies are used in a discussion of controller design, control strategies, and validation of
the VPEM. It is demonstrated that response surface based controllers best operate in combination
with corrections from an unstructured controller such as a proportional-integral derivative, which
relaxes the inherent rigidity of the model-based controller. Since the behavior of plasma processing
reactors generally changes over time due to, for example, coatings of the walls, it was found
advantageous to make the controllers adaptive. ©1999 American Vacuum Society.
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I. INTRODUCTION

The reliability of modern industrial processes and a
vanced engineering products is in large part due to the us
feedback control. In recent years, the microelectronics ma
facturing community has shown considerable interest in
corporating feedback control in plasma processing eq
ment to improve their reliability, yield, and performance1

Although even basic control techniques can improve per
mance, the success of feedback control ultimately depe
on the optimal choice of sensors, actuators, and control s
egy. This procedure is fairly involved in plasma aided man
facturing tools for microelectronics fabrication because
quantities of interest~e.g., etch or deposition rate, etch un
formity! are often difficult to directly measure. As a resu
one usually relies on indirect control of quantities that a
more easily measured and which correlate to the process
rameters to be controlled. Acknowledging that plasma p
cessing is complex and often not well characterized, stat
cal techniques are often used in which sensor data
monitored and the process is automatically or manu
tuned in response to error signals.2,3 On the other hand, it ha
also been demonstrated that controllers based on reduce
der models can be successfully used for feedback contro
plasma processing reactors.4 There are many control strate
gies that lie in between these two extremes. For exam
control techniques using response surfaces are based on
pirical models which are developed experimentally or co
putationally, and relate the actuators settings to sen
data.3,5,6 The success of these techniques depends on
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well the quantities controlled by the actuators are correla
to the sensors, and the degree of robustness of the con
lers. Proportional-integral-derivative~PID! controllers,7,8

controllers based on neural networks9 and dynamic control-
lers based on system identification techniques10 have also
been used in plasma processing related studies with the g
of increasing these correlations and improving robustnes

To aid in evaluation of control strategies, we recently d
veloped a computational tool called the virtual plasma equ
ment model~VPEM!,6 which consists of a plasma equipme
model coupled to actuator, sensor, and controller modu
The sensor module emulates the output of experimental
sors~e.g., optical and electrical measurements!. The control-
ler module is programmable and uses the output of the s
sor module to recommend changes in process variables.
actuator module then changes process parameters~e.g.,
power, pressure, and voltage! in the plasma equipmen
model. Using the VPEM, response surface based contro
have been investigated to compensate for external dis
bances and nullify the effect of long term drifts in chamb
conditions. In this article, we extend the previous work a
address additional issues related to validation of the VPE
improvement of controller design, and control strategies
polysilicon etching. The VPEM makes use of the hybr
plasma equipment model~HPEM!11–13 for simulating the
plasma reactor. The HPEM has been validated against
periments for many different plasma systems a
gases,11,13–15 and so we address experimental validation
the control aspects of the VPEM in this article. The exam
cases address control of an inductively coupled plasma~ICP!
in Cl2 for polysilicon etching using sensors for Cl* emission
from the bulk plasma and ion flux at the substrate~which can
be measured using electrical sensors16,17!.

The modeling platform is discussed in Sec. II followed

in
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a summary of validation of the VPEM in Sec. III. Controlle
design issues related to feedback control of ICPs in Cl2 for
polysilicon etching are discussed in Sec. IV. Section V c
tains our concluding remarks.

II. DESCRIPTION OF THE MODEL

The computational tool we used in this investigation, t
virtual plasma equipment model~VPEM!, has been previ-
ously described in detail,6 so it is only briefly discussed here
The VPEM is an extension of the hybrid plasma equipm
model ~HPEM!,11–13 a comprehensive plasma equipme
simulation tool. In the VPEM, the HPEM is treated as
virtual plasma processing reactor that is linked to sen
actuator, and programmable controller modules.~See Fig. 1.!
The sensor module emulates measurements of experim
sensors. The sensors~and their experimental analogues! in-
clude spatially averaged densities of plasma species~optical
emission spectroscopy!, ion flux to surfaces~electrical mea-
surements!, ion energy flux to surfaces~ion energy analyzer!,
species flux at the pump port or other locations on the w
~residual gas analyzer!, and plasma density~Langmuir probe
or microwave interferometry!. The sensor data is passed
the controller module which estimates changes in actu
settings required to bring sensor signals to a desired
point. Following commands from the controller module, t
actuator module adjusts quantities in the HPEM that co
spond to actuators such as gas pressure, inductively cou
power, capacitively coupled power, applied voltage on el
trodes, gas flow rate, and mole fraction of gases in the fe
The HPEM is then executed using the updated actuator
tings.

III. VALIDATION OF THE VPEM

To validate the control aspects of the VPEM, feedba
control experiments7 in a magnetized inductively couple
plasma~ICP! reactor18 were simulated. In these experimen
Sarfatyet al. implemented a two-color laser interferomet
to measure the etch rate of polysilicon in a chlorine plas
in real time. After determining that the etch rate is well co
related with the rf bias power, the etch rate was control
using rf bias power as the actuator. Both PID and mod
based controllers were implemented and it was determ

FIG. 1. Schematic of the virtual plasma equipment model~VPEM!.
JVST A - Vacuum, Surfaces, and Films
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that corrections from model-based controllers can sign
cantly improve the response time and accuracy of the P
controller.

In applying the VPEM to this problem, etch rate was us
as the sensor, and was computed using Dane and Man
semiempirical relationship for polysilicon etch rates in ch
rine plasmas.19 The etch rateER ~Å min21) is

ER5S 1

2300P0.5
1

1

23~JiVs285!D 21

, ~1!

where P is the gas pressure in mTorr andJiVs is the ion
power flux to the substrate in mW cm22. In the VPEM, the
ion current densityJi was obtained from the ion fluxes to th
wafer. Vs , the sheath potential, was approximated as
difference between the time averaged electrode voltage
plasma potential in the presheath.

In the low pressure, high plasma density, inductive
coupled systems of interest, the magnitude of the ion cur
entering the sheath is largely determined by the inductiv
coupled power.11 Since the sheath is at best only a few hu
dred microns thick, the addition of an rf bias voltage to t
substrate produces little additional plasma heating. The
voltage therefore does not significantly increase the plas
density or ion current into the sheath, but does accele
ions into the substrate. Since the bias power isJiVs , if the
inductively coupled power is held constant so that the
current entering the sheath is nearly constant, bias power
be controlled by varying the bias voltage. The rf bias volta
on the substrate was therefore used as the actuator.

The reactor geometry used in the model is shown in F
2 along with the electron density for a gas mixture
Cl2/Ar596/4 at 4 mTorr, gas flow of 30 sccm, 1000 W in
ductively coupled power, and 100 V rf bias~13.56 MHz!
applied to the substrate. Gas is injected into the rea
through a ring nozzle at the top of the chamber and is
hausted through a pump port at the bottom of the reacto

FIG. 2. Electron density in the magnetized ICP reactor for 1000 W induc
power deposition, Cl2/Ar596/4 at 4 mTorr, 30 sccm gas flow, 100 V rf bia
at 13.56 MHz. The contour labels indicate the percentage of the maxim
value noted at the top of the figure.
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706 S. Rauf and M. J. Kushner: rf plasma processing reactors 706
silicon wafer with a polysilicon coating is placed on the su
strate. The volume of the reactor below the substrate
truncated in the calculation because it does not appreci
affect the plasma characteristics. In the experimental rea
the field lines of the cusps of the magnetic bucket are p
dominantly in the horizontal plane~r-f in azimuthal geom-
etry!. Since these field lines cannot be resolved in our a
muthally symmetric two-dimensional simulation, th
magnetic dipoles were oriented so that the cusps of the m
netic field were in ther-z plane. The consequences of bo
magnetic field configurations is to improve electron confin
ment in the radial direction.

The computed polysilicon etch rate is shown in Fig. 3
a function of the applied voltage for the conditions of Fig.
At low voltages, the etching process is in the ion ener
starved regime where the neutral reactants are plentiful.
etch rate therefore increases almost linearly as a functio
the bias voltage. Above 80 V, the etch process gradu
shifts to the neutral-starved regime where the etch proce
limited by the availability of Cl atoms and etch rate flatte
out.

We first consider the problem in which a PID controller
used to dynamically adjust the etch rate so that it follow
prescribed time dependence. Results from the simulation
compared with the corresponding experimental results7 in
Fig. 4. The controller frequency, the rate at which the co
troller receives sensor data and issues commands to th
tuators, is 10 Hz in the simulation. The simulation, in ge
eral, tracks the set point in the same manner as
experiment. Since the controller has no knowledge about
dynamic response of the system, each step change in th
point leads to large under-damped oscillations. It also ta
the controller several seconds to respond to the step ch
in input command. The controller response changes fr
under to overdamped in the experiment after 200 s. This m
be due to a change in plasma or reactor conditions, or it is
artifact of the low pass filter that is used to suppress no
This effect is not captured in the simulation.

Sarfaty et al.7 found that controller response could b
considerably improved~made faster with less overshoot! by
including corrections from a response surface based mo
Results from this exercise are shown in Fig. 5. In the VPE
corrections from the response surface were formulated in

FIG. 3. Polysilicon etch rate as a function of applied rf voltage amplitude
the magnetized ICP reactor for 1000 W inductive power deposit
Cl2/Ar596/4 at 4 mTorr and 30 sccm gas flow.
J. Vac. Sci. Technol. A, Vol. 17, No. 3, May/Jun 1999
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following manner. A least mean square quadratic fit of e
rate as a function of rf bias voltageVM was performed,

ER5c01c1VM1c2VM
2 , ~2!

wherec0 , c1 , andc2 are constants. After differentiating Eq
~2!, we obtain

dVM5d@ER#/~c112VMc2!, ~3!

whered@ER# anddVM are small changes in the etch rate a
applied voltage recommended by the model. The chang
actuator settingsDV was determined using,

,

FIG. 4. Control of polysilicon etch rate in the magnetized ICP reactor us
a PID controller.~a! Simulation results,~b! experimental results by Sarfaty
et al.

FIG. 5. Control of polysilicon etch rate in the magnetized ICP reactor us
a PID controller with contribution from a response surface based model~a!
Simulation results,~b! experimental results by Sarfatyet al.
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DV5FF•dVM1~12FF !•dVPID , ~4!

whereFF is the feed-forward ratio anddVPID is the change
in rf bias voltage recommended by the PID controller. R
sults from the experiments and simulation are shown in F
5 for FF50.25. 5% random noise has been added to
output of the sensor and a three-step exponentially weig
low pass filter was connected in series with the control
Corrections from the model-based controller have made
controller response faster and the overshoot has been e
nated. It was found that very little feed forward contributio
is needed for the sensor to closely track the set point. In
above results, deviations from the set point were only s
nificant whenFF was less than 0.05. Comparisons of co
putational results with experiments have shown that the
time control algorithms used in the VPEM are valid as lo
as the controller time step is larger than the time required
plasma conditions to settle down to quasisteady state af
step change in actuators. For the sensor and actuator co
ered here, this time is estimated to be less than 0.1 s.

IV. CONTROLLER DESIGN ISSUES

Response surface based controllers are generally effe
in compensating for actuator drifts and controlling we
structured processes. In this section, we examine the be
ior of response-surface based controllers studied earlier6 in
situations where their performance is less than adequate
we suggest strategies to improve the controller performa
Noise and uncertainties are always present in real syst
and they can deteriorate the controller performance. O
components~e.g., low pass filter to suppress noise! may also
be connected in series with the controller and which cha
the response of the controller.

To investigate the consequences of noise and an expo
tially weighed low pass filter on operation of the PID-FF
controller discussed in the previous section, we ran sim
tions where 5% random noise was added to the sensor
put, a three-step exponentially weighed filter was connec
before the controller and feed-forward ratio~FF! was varied
between 0 and 1. The results are shown in Figs. 6~a!–6~d!.
The reactor and operating conditions are the same as tho
the previous section. WhenFF50, the controller is a PID so
there is significant delay in response after step changes i
point and, for this particular case, there is an overdam
response. AsFF is increased to 0.25, the contribution fro
the model-based controller significantly reduces the respo
time and the controller is able to track the set point. Wh
FF is increased further, we find that there is little gain
controller performance. In fact, there are reasonably la
oscillations in etch rate when the set point changes, wh
results from the interaction of the model-based contro
with the low pass filter. This interaction is demonstrated
Fig. 6~e! where the etch rates are shown without the low p
filter. Even though the noise level has increased becaus
the absence of the low pass filter, the large spikes after
changes in set point have been avoided. If the etch rat
large, the oscillations can take the system into param
JVST A - Vacuum, Surfaces, and Films
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spaces where the response surface based model is no lo
valid and the system can become unstable. These results
gest that use of a stand-alone model-based controller is
the best option in situations where noise is present or in
action with other systems, such as the filter, may occur
cause of the model-based controller’s inherent rigidity.
those cases, using contributions from an unstructured c
troller as a PID will make the system more stable witho
deteriorating performance.

The controller-filter interaction occurs because the mo
based controller was designed for a specific sensor-actu
relationship. That is, when the control changes an actu
setting to modify a process parameter, it ‘‘expects’’ a p
dictable response. By adding the low pass filter the respo
of the system~which now consists of the plasma processi
reactor and filter in series! to changes in actuator settings
different than that used for the design of the controller. A
result, the controller is no longer able to correctly spec
changes actuator settings when sensor signals change.
the low pass filter will, by its nature, always change t
system response, controller-filter interactions can be
pected to be strong for most common filter topologies. O
way to avoid this problem is to design the controller with t
low pass filter in place, as might be accomplished by treat
the filter as a component of the reactor.

The next series of investigations use the ICP reac
shown in Fig. 7~a!. The reactor has a four-turn antenna c
on top of a dielectric window. Gas is injected through
showerhead and is exhausted at the bottom of the cham
A chlorine chemistry will be used to etch a poly-Si wafe
The electron density and electron source function are sh

FIG. 6. Behavior of a PID controller with corrections from a model-bas
controller. Results in~a!–~d! are for different values ofFF. The low pass
filter is not used in~e!. The right panels contain enlarged results for 115
125 s.
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in Fig. 7 for an Ar/Cl2570/30 gas mixture at 20 mTorr an
500 W inductive power deposition. The electrons are p
dominantly being produced in a torroidal region below t
coils @see Fig. 7~b!#. They are, however, able to diffuse o
of the region of production and the peak electron den
occurs on axis.

The polysilicon etch rate in a Cl2 plasma is a function of
the ion flux, ion energy, and neutral Cl flux to the substra
and so the etch rate can be regulated by controlling th
factors. The two sensors used for this purpose measure
emission from Cl* within the observation cone shown in Fig
7~b!, and ion flux at the sensorS2 . Cl* is produced through
electron impact excitation of Cl and its emission is an in
cation of Cl flux to the substrate. Ion flux can be measu
using electrical sensors16 at off-axis locations and should b
indicative of ion flux to the wafer. If the sheath is collision
less, the ion energy can be estimated from the sheath po
tial and can be controlled using the rf bias voltage. In th
experiments, the bias voltage is however kept constant
power flux to the substrate is dominantly controlled by i
flux. The sensor signals are controlled using inductiv
coupled power and gas pressure as actuators. As in Re
the controllers are designed using response surface b
models. The response surfaces showing the dependen
Cl* density and total ion flux atS2 on the actuators are
plotted in Fig. 8. An increase in inductively coupled pow
leads to nearly linear increases in both Cl* emission and ion
flux to the sensor. Cl* emission, converted to number dens
here, increases with pressure as Cl2 is largely dissociated a
these powers. An increase in pressure decreases ion flu

FIG. 7. Plasma properties for an ICP reactor~Ar/Cl2570/30, 20 mTorr, 500
W!. ~a! Electron density,~b! electron source function. The sensor for C*
emission is located atS1 and ion flux is measured atS2 . The contour labels
indicate the percentage of the maximum value noted at the top of the fig
J. Vac. Sci. Technol. A, Vol. 17, No. 3, May/Jun 1999
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the wafer because the plasma becomes more collisional
the mean ion velocity decreases.

Using the response surfaces shown in Fig. 8 and the c
troller design technique described in Ref. 6, controllers w
employed to maintain sensor signals at specified values.
basic operation of this controller is shown in Fig. 9. For the
results, the gas pressure was initially 20 mTorr and induc
power deposition was 400 W. The actuators were kept c
stant untilT55, at which point the inductive power is in
creased by 5%. This increases both Cl* density and ion flux.
In response to these changes in sensor signals, the cont
adjusted the actuators so that the sensor signals returne
their original values. In the first time step, the controll
decreased both pressure and power. In the second time
the controller recouped the decrease in pressure. Since
response surfaces provide an accurate representation o
perturbed system, the controller is able to restore the sys
to its initial state in only a few time steps.

We next investigated the behavior of the model-bas
controller in response to a change in gas composition at
inlet. The results are shown in Fig. 10. The inductive pow
deposition was initially 400 W, gas pressure is 20 mTo
and gas mixture is Ar/Cl2 570/30. At T55, the input Cl2
mole fraction was increased to 36%. An increase in Cl2 re-
sults in more Cl production and consequently an increas
Cl* density. However, electron loss through dissociative
tachment to Cl2 increases which results in smaller positiv
ion densities and a lower ion flux to the wafer. In response
these changes in the sensor signals, the controller decre

re.
FIG. 8. Response surfaces for design of controllers for the reactor show
Fig. 8. ~a! Cl* density and~b! ion flux to the sensorS2 as a function of gas
pressure and inductive power deposition.
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709 S. Rauf and M. J. Kushner: rf plasma processing reactors 709
gas pressure and increases inductive power, the resu
which is to dissociate more Cl2 . In a few time steps, the
sensor signals return to their original values in spite of
fact that the controller is operating in a system that is diff

FIG. 9. Sensor and actuator time histories for the response-surface b
controller compensating for a drift in inductive power deposition.

FIG. 10. Sensor and actuator time histories for the response-surface b
controller compensating for a change in gas composition.
JVST A - Vacuum, Surfaces, and Films
of

e
-

ent ~Ar/Cl2564/36! than the one it was designed for~Ar/
Cl2570/30!.

Plasma and reactor conditions generally evolve over t
and controllers should perform adequately over the wh
range of conditions that may be encountered. One factor
contributes to evolving reactor conditions is passivation a
polymer buildup on reactor walls. This process takes pl
over a time period much longer than what is practically fe
sible to simulate. To investigate the operation of the mod
based controller in response to long-term drifts, we inste
changed the reactor conditions suddenly, in this case by
tificially changing the sticking coefficient of Cl→Cl2 at the
walls. The results for this problem are shown in Fig. 1
Inductive power deposition was initially 400 W, gas pressu
is 20 mTorr, and sticking coefficient is 0.025. AtT55, the
sticking coefficient was increased to 0.25, which results i
decrease in Cl* emission because more Cl atoms are co
verted to Cl2 at the walls and the larger Cl2 density decrease
the electron density~and rate of electron impact excitation!
due to dissociative attachment. The ion flux to the sen
also decreases because the increase in Cl2 , which reduces

sed

sed

FIG. 11. Sensor, actuator, and electron temperature time histories for
response-surface based controller compensating for a change in sti
coefficient of Cl(→Cl2) at reactor walls.
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710 S. Rauf and M. J. Kushner: rf plasma processing reactors 710
the electron density, also produces a decrease in positive
density. In response to these changes in sensor signals
controller increases the power and the pressure to prod
more electron impact dissociation and ionization until t
sensors return to their original values.

It should be noted that, since the initial change in sen
signals was large and the system parameters of the pertu
reactor were quite different from those for which the contr
ler was designed, many controller time steps were requ
for the sensors to return to their original values. Also, the
flux initially drifted in the wrong direction, which indicate
that the corrections to power and pressure first suggeste
the response surface based model were incorrect.

Since controllers should be able to operate in widely va
ing conditions, the above results suggest that it is advisa
to use adaptive controllers so that they can adjust to cha
in the reactor and plasma conditions. The adaptive algori
we used to demonstrate this advantage modifies the resp
surface based model so that it better reflects the present
ditions. The controllers are based on a polynomial appro
mation of the response surfaces,

f j~x,c![yj5c0 j1 (
k51

n

c1 jk~xk2xk0!

1 (
k51

n

(
l 51

n

c2 jkl~xk2xk0!~xl2xl0!, ~5!

whereyj is the jth sensor output,xk is thekth actuator set-
ting, c0 j , c1 jk , andc2 jkl are constant coefficients,n is the
number of actuators and sensors,x is the set$xk : 1,2, . . . ,n%,
andc is the set of all constant coefficients. The goal of t
adaptive algorithm is to adjust the constant coefficients
that Eq.~5! better represents the actuator-sensor relations
This is accomplished using measurements (x8,yj8) that are
randomly distributed about the operating point. These m
surements can be made in real time or they can be obta
from an archive of previous measurements. The numbe
the measurements used for adapting the controller shoul
larger than the number of coefficients that are to be adju
m ~e.g.,m56 for n52). With these measurements, the fo
lowing iterative procedure is used to adjust the coefficien

~1! Randomly make or selectm measurements near the o
erating operating point from the sample set of such m
surements.

~2! Write the following equations in a matrix form and solv
for creq:

@yj8#k5@f j~x8,creq!#k , k51,2,. . . ,m. ~6!

~3! Compute new values for the coefficients using
cnew5cold1a~creq2cold!, where a!1. ~7!

~4! If ucnew2coldu/cold,e ~where the maximum errore
!1), stop iterating. Otherwise copycnew to cold and go
to step 1.

The number of sample measurements should generall
reasonably larger thanm so that the modified model is no
strongly weighted towards any particular measurements.a
J. Vac. Sci. Technol. A, Vol. 17, No. 3, May/Jun 1999
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is close to 1, fewer iterations of the above procedure
required, but the values of the coefficients will fluctuate a
the iterative scheme may diverge. Small values ofa will
result in a large number of iterations but the solution wou
be more stable.

The adequacy of the above scheme was tested for
problem in which the Cl sticking coefficient at the wall wa
changed. The conditions were similar to those conside
earlier for Fig. 11 and the results are shown in Fig. 12. T
adaptive algorithm is implemented just after the sticking c
efficient is changed (T55) to adjust the response surfac
based model. Comparing the results in Figs. 11 and 12,
find that, due to the adaptive adjustment, the controller
sponse is faster and the overshoot of ion flux in the wro
direction is smaller. The controller with the adaptive featu
therefore, fares better when plasma or reactor conditi
change.

The random measurements used for adaptive tuning of
controller should ideally span as much of the actuator par
eter space as possible. If the measurements are all loca
close to the operating point, the adaptive algorithm might
be able to accurately access the nonlinearities in the sen
actuator relationship. This is demonstrated in Fig. 13 wh
we consider the same problem as in Fig. 12 but the rand
measurements are restricted to 20%, 50%, and 70% of
parameter space in Fig. 8. Since the dependence of Cl* den-
sity on power and pressure is almost linear, the result

FIG. 12. Sensor and actuator time histories for the response-surface b
controller compensating for a change in sticking coefficient of Cl(→Cl2) at
reactor walls. The adaptive algorithm is used to retune the model afteT
55.
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sensor signals are not significantly effected by expanding
range of random measurements to capture the nonlinear
However, the dependence of the ion flux on the actua
settings is slightly nonlinear@see Fig. 8~b!# and the perfor-
mance of the adaptively tuned controller considerably
proves as the range of random measurements is increas

It is important to note that in the problems considered
Figs. 10–13, even though the sensor signals return to t
unperturbed values, other quantities such as electron de
and temperature may be different in the final steady s
than before the perturbation. This is because the controlle
not designed to regulate quantities other than the sensors
there may be many sets of reactor conditions which prov
the desired sensor signals. This situation is illustrated in
11 where the time history of the electron temperature ab
the substrate is shown along with the sensor signals and
tuator settings. Even though the sensor signals have b
restored to their preperturbed values, the electron temp
ture is different in the initial and final states. Such a situat
could be important in, for example, consideration of cha
ing damage which depends on electron temperatur20

Changes in ancillary plasma characteristics will, in gene
occur if the perturbation is due to factors that are not b
into the controller design. The controller can only bring t
sensors back to their original settings and not necess
bring the entire system to its original state.

V. CONCLUDING REMARKS

Using a computational tool, the virtual plasma equipm
model, feedback control of inductively coupled plasma p
cessing reactors has been investigated. Some of the is

FIG. 13. Sensor time histories for the response-surface based controller
pensating for a change in sticking coefficient of Cl(→Cl2) at reactor walls.
The adaptive algorithm is used to retune the model afterT55. The range of
random measurements used for adaptive tuning of controller is 20%, 5
and 70% of the parameter space in Fig. 8.
JVST A - Vacuum, Surfaces, and Films
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addressed in this article include experimental validation
the VPEM, improvements in controller design, and cont
strategies for polysilicon etching in Cl2 based chemistries
Controllers that have built-in information about the sens
actuator relationship, such as a response surface based
troller, were found to be effective in compensating for actu
tor drifts or nullifying the effects of external perturbation
Response surface based controllers however best opera
combination with a contribution from an unstructured co
troller such as a PID, which relaxes the inherent rigidity
the model-based controller. This makes the controller m
stable and robust against noise and other disturbances. S
the behavior of plasma processing equipment gener
changes over time, an adaptive controller that periodica
adjusts itself to changing plasma conditions was found
considerably improve performance.

There are many factors that one would ideally like
simultaneously control in, for example, a plasma proce
such as rate, uniformity, and profile. Cause and effect re
tionships are however quite complicated in plasma proce
ing reactors and any automatic control scheme that regul
a limited number of these factors will likely change para
eters which are not being monitored. It was, for examp
shown that although a response surface based controlle
equately regulated the sensor signals of Cl* emission and ion
flux, the electron temperature changed during the proc
Since multivariable controllers that are able to control
process parameters will not necessarily be practical, it is
portant when developing a control strategy to assess the
sequences of actuator adjustments on noncontrolled pro
parameters that may impact the final product.
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