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Inverse Model-Based Real-Time Control
for Temperature Uniformity of RTCVD

Artemis Theodoropoulou, Evanghelos Zafiriotiember, IEEE and Raymond A. Adomaitis

Abstract—A reduced-order model describing a rapid thermal €w Emissivity of the wafer.
chemical vapor deposition (RTCVD) process is utilized for real- K Wafer conductivity.
time model based control for temperature uniformity across

the wafer. Feedback is based on temperature measurements at P Wafer density.

selected points on the wafer surface. The feedback controller ¢ Boltzmann constant.

is designed using the internal model control (IMC) structure,

especially modified to handle systems described by ordinary I. INTRODUCTION

differential and algebraic equations. The IMC controller is ob- L

tained using optimal control theory on singular arcs extended IRST principle models can generally be developed to
for multi-input systems. Its performance is also compared with describe the thermal dynamics of a rapid thermal chemical

one based on the Hirschorn inverse of the model. The proposed vapor deposition (RTCVD) reactor in an accurate manner.
scheme is tested with extensive simulations where the full-order Sych models, however, cannot be directly used in designing
model is used to emulate the process. Several cases of significan&nd implementing real-time model based controllers, due to
uncertainty, including model parameter errors, process distur- L - .
bances, actuator errors, and measurement noise are used totheir distributed parameter nature. Also the large size of their

test the robustness of the controller to real life situations. Both lumped parameter approximations can result in prohibitive

controllers succeed in achieving temperature uniformity well computational demands. A simple nonlinear lumped parameter
within the desirable bounds, even in cases where several sourcesmodel is used in [1] for run-to-run control of the wafer

ggi;‘ence”a'my are simultaneously present with measurement o neratyre, but it does not describe the process in terms of
' spatial uniformity. In [2] an improved distributed parameter
Index Terms—internal model control, process control, RTCVD. dynamic model is developed, and then lumped in order to
be used for nonlinear model predictive control. A model

NOMENCLATURE redupt_pn technique is proposed in [3_] to. reduce the size of

the initial lumped parameter approximation. Thus one can

A D!scret!zat!on array (first de_rlvat|ve). obtain a reduced-order nonlinear model with good predictive

B D|scret|zat|9n array (Laplacian operator). capabilities, that is also of a form and size suitable for control

Ch., Wafgr S pecific heat. and optimization of the process. Several papers in the literature
Qdw, b Radiative energy to the wafer bottom surfacesiji e linear control and estimation techniques for temperature
ddw, t Radiative energy to the nger top surface. qnirol in rapid thermal processing (e.g., [4] and [5]).

Gedge Wafer edge incident radiation flux.

X In this paper we consider the RTCVD system described in

Quamps, .~ Radiant energy flux from the lamp banks 193} 54 [6] with the goal of designing a noniinear model based
the wafer. real-time control system for temperature uniformity that is
Radial coordinate. robust with respect to several types of modeling uncertainties

w Wafer radius. and process disturbances. The process model equations are

H* =

Time. affine to the three inputs (power of lamp zones) giving rise

Wafe_r temperature. to a singular optimal control problem. Single-input singular
Lamy Ambient temperature. optimal control problems have been studied extensively by
T Chamber temperature. [7] and used for optimization and control in several cases of
Tites Desired temperature.

biochemical single-input systems [8], [9]. A state feedback
formulation using geometric methods has also been developed
in [10]. Since the RTCVD reactor we consider is a multi-input

. . L , sk/stem, we had to develop in this paper optimal control law
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Fig. 1. NCSU RTCVD system.
where
TABLE | T
COLLOCATION POINTS FOR THE FOUR-POINT FORMULATION U= [uA up uc] .
,Polmt. ;] There are two nonlinear boundary conditions:
2 04338 T
3 0.9076 o =0 (2)
4 ; 1 U r=0
) arT
r=1

uncertainty and disturbances are considered in order to test . . . .
T Eue model also includes a lumped ordinary differential equa-

the robustness of the performance of both controllers. imating the chamber t ture d ics in th
predictive capabilities of the model reduction method of [33!()” approximating the chamber temperature dynamics in the

that were so far only tested for steady state optimization, Em p
. . . . Tc
now evaluated for the dynamic optimization and control case. = [T, T) + g. - U(). 4)
II. PROCESSDESCRIPTION AND MODEL The detailed expressions of the several terms in (1)—(4) can

found in [3]. Specifically (1) corresponds to (2) and
in [3], (3) to (4) in [3], and (4) to (11) in [3]. A
scretized full-order model was used for simulation purposes.
diagram is shown in Fig. 1. A 10% silane feed in inert gash.e wafer tempgrature was discretized at 76 unlformly-gpaced
ints, thus giving a nonlinear state space model with 77

; Y
enters the reactor from the top. The silane decomposes_ 10 : : .
silicon and hydrogen. The goal of the process is the unifo plate variables including the chamber temperatie The

m., - : . .
deposition of a 0.5 film of polysilicon on the wafer. Jistributed parameter model cannot be directly utilized in

- o ) rpodel based control due to its form. Even in the discretized
Polysilicon deposition occurs at temperatures of approxmatc?a/rm it is not computationally efficient and definitely not hand
800K or higher and the heating of the wafer is accomplis P y Y y

hed . o
Zor model based control, since it involves such a large number

by co_ntrolll_ng the power t_o _the three zones of lamp banks. of states. This was, indeed, the motivation for the development
described in [13], maintaining the pressure constant at 5 tor

the wafer is heated until a preset temperature is reached. 'Plithe model reduction procedure presented in [3]. In that work

: ag%lication of this technique to the detailed model described
process temperature remains constant for a preprogramrB [1)—(4) above, resulted in a model of the form
amount of time, after which the valve to the reactant feed |§' ’

The system we consider is based on the three-zone RTC
reactor located at the North Carolina State University (NCS
Center for Advanced Electronic Materials Processing [6].

i dr
_closed f_;md the lamp power supply is turned off. The pressure (T, T+, U®) )
is then increased so that the system can cool down quickly. dt
Detailed modeling of this process has been done in [3].
Definition of the various symbols is given in the Nomenclature MT, Ta) + kup =0 (6)

section. (Boldface symbols are used to indicate arrays.) Thﬁ
. . : . . . where
model consists of a nonlinear partial differential equation
describing the wafer temperature, in the form T=[ T, Ts T." (7
aT(t, r)

E =L LT 1) U

and1y, T», T3, Ty are the temperatures corresponding to four
collocation points across the radius of the wafer. The detailed
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Fig. 3. The standard IMC structure.

expressions for (5) and (6) can be found in [3] from (38) angbsition thickness model equations described in [3]. Using
(39) of that reference. this temperature setpoint, the necessary run time foru@n5

In [3], six collocation points [14] were used for the dis-deposition was determined to be 50 s. Nevertheless, even
cretization of the system. We repeated the model reductidnthere are errors in the kinetics model, the closed-loop
procedure using only four collocation points for two reasonfrmulation would allow us to determine the necessary run
First, this number enables the creation of the control latime by use of an end-point sensor that measures the deposition
we propose in the following sections. Second, we wanted tisickness. Accordingly, the run would stop when the measured
check the robustness of the proposed control scheme edeposition thickness had reached the desired level.
when the reduced-order model was not the most precise. Thé&urthermore, one should note that according to the SIA Na-
analytical expression and discretization matrices of the fourenal Technology Roadmap for Semiconductors [15] the max-
point reduced-order model are given in the Appendix. Themum acceptable temperature nonuniformity can be up to 5K.
collocation points for the four-point reduced-order model are
given in Table 1. The first point corresponds to the wafer centgr nonlinear Internal Model Control

and the fourth to the edge. L L
The reduced-order model consists of a set of four ordinaryThe feedback controller design is done using internal model

differential equations and one algebraic equation, and it §@ntrol (IMC) [16]. The IMC structure is presented schemati-
suitable for real-time control of the process. It should alsglly in Fig. 3. The classic feedback control@is represented
be pointed out that, in this form, (5) is the state spad®y the shaded area? is the process under consideration
representation of a nonlinear system whichaiine with and P the model describing the process. When using the
respect to the inpul/. This is a very important characteristic’MC structure, one designs the IMC controlier and, then,
of the system from a control point of view, and it will remairf™Pléments it combined with the mod#! as shown in Fig. 3.
present even if elements of the reactor design like reactor sizéVIC has a very important property [12]. J]‘_tlhe IMC con-
or location of lamp banks change. troller is equal to the modell inversg) = P~), and the
closed loop system in Fig. 3 is stable, thgft) = y,,(¢) for
all ¢ > 0 and all disturbanced(t). This property is known
as perfect contral
A. Control Objective _ In the past, the IMC structure has _been extended for non-
o . ) . _linear systems [12]. However, the existence of the algebraic
The objective of the process is to achieve uniform depositigRyuation (6) in the model obstructs the application of standard
thickness of polysilicon of 0.5:m along the wafer surface. noplinear IMC for this system. This has led us to modify
Based on the assumption of constant emissivity in [3], thRe |MC formulation, making it suitable for dealing with
model equations describing the wafer temperature and thQg&eral specific systems described by differential and algebraic
describing the deposition thickness are decoupled. Since ggﬁjation models.
spatial dependence of the deposition thickness is due to therhe fact that (6) is nonlinear with respect to the edge
wafer temperature spatial dependence, we pursue our inifighperaturel’, prevents us from solving analytically fcF,.
objective indirectly, aiming for uniform wafer temperature thap, the other hand, since it is linear with respect to the input
will result in the desirable deposition thickness. Hence, e, it can be solved yielding.s as a function off’ and 7.

use only the temperature equations in the controller design.H)rthermore, ifZ} is set to be equal to the setpoint value, one
reality, emissivity is not constant. Nevertheless, temperatign supstitute fowp in (5) transforming it to
uniformity is expected to be sufficient for deposition thickness

I1l. CONTROL PROBLEM FORMULATION

uniformity. Furthermore, the controller is designed to be robust ar

with respect to such process model error. Suitable tests have P ST, Taes) + g - u(t) (8)
been done allowing the emissivity to vary, and they are

included in Section V-A. where

In order to choose the wafer temperature setpoint profile,
shown in Fig. 2, we performed simulations that use the de- w=[us uc]* 9
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Fig. 4. The modified IMC structure.

g consists of the first and the third column gf and f is A. Edge Temperature Control
formed by algebraic manipulations involving the substitution | order to benefit it from the perfect control property of

of up from the solution of (6). This way the diff_erentiaI|MC, we need to invert the algebraic equation (6). We do
equations are decoupled from the algebraic equation for the. simply by solving (6) foru. SinceTy is the controlled

purpose of controller design. o _variable, it has to be substituted by the feedback signal
In the modified IMC structure, shown in Fig. 4, IMC isp, (T, — T4). Thus

applied separately to the differential equations and to the”

algebraic equation. We denote wighthe output of the process h(T, Tyes — (T — T4))

that corresponds to the differential equations of the model, up = — : A . (10)
and withy, the output of the process that corresponds to the

algebraic equation of the model. For our systgm= T} but Equation (10) must be consistent with (6), and so we must use
yq depends on which inner temperatures we choose to contiigé model prediction valueg; for the remaining temperature
as explained in Section lll-A. As a result of this decouplingpoints 7, 7>, and T3, which is indicated by the use &
the edge temperaturg} is controlled directly byus and in (10). In cases, where (10) would result in valuesugf
the inner temperature points are controlled by the remainifplating the lower limit of zero, the value is set to be equal
inputs w4 anduc. Even though the controller equations aréo zero. The upper limit of one would be treated similarly,
completely decoupled, the algebraic model equation is sttt that limit was never violated during simulations by the
(6) and it requires the use of values for the states, whichdslution of (10).

indicated by the arrow fronP(D.E.) to P(A.E.) in Fig. 4.

B. Hirschorn Inversion

For square, quasi-linear systems the Hirschorn inverse for-
IV. CONTROLLER DESIGN mula [11], [17], can be applied. For this to be possible with

In order to use the modified IMC structure we need t§ - system described by (8), we have to choose only o of

design a separate controller for the edge temperature, whicﬁ i three te_mperatures as the OUtpl.Jt of _the system,_so that
our system is square. After performing simulations with all

described by the algebraic equation (6), and one for the inner - )
temperature point dynamics, described by the quasi-linear tv%ﬁ-e combinations, we decided to use temperatifjeand Iz,

input system (8). since there was no difference in choosing one combination

Standard inverse model based controller design requiregeaisus another. Our system now is described by (8) and the

square system, where the number of controlled outputso| put equation

the same as that of the manipulated inputs. To apply such T
techniques on (8), we need to select for control only two of
. . . Y1 1 0 0 O T
the three inner temperature points. We do so by using the ¥4 = = =C-T. (11)
) ; : : o 01 0 0 Ty
Hirschorn inverse in Section 1V-B. T

In order to control all three inner temperatures of system
(8) we designed a controller based on optimal control theoryControl analysis performed on a linearization of (8), ob-
on singular arcs. Since we have two inputs we need to extegéhed at an operating point corresponding to the final tem-
some of the existing single-input theory to the multi-input casgerature values of the trajectory shown in Fig. 2, shows no
The method is described in Section IV-C. unstable zeros [16] for the % 2 transfer function matrix.

In both cases, the controller used for the edge temperatqigs indicates that the inverse model is at least locally stable.
control is the same and it is presented in Section IV-A.  Application of the Hirschorn inversion on the system described
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Fig. 5. Implementation of the two controllers in IMC structure: (a) Hirschorn inverse and (b) singular optimal control law.

by (8) and (11) yields whereL; and L, are Lie derivative operators [17], defined as
" g
L= () — 14
s 2:3 Ji@) 5 (14)
Z =f(Z) +g(Z)(LgL’J;*1(6~Z))—]L andr is the relative order of the system [17], defined as the
dry smallest integer for which
. - L(C-Z .
< il (Y )> (12) L,LyH(C - Z) 0.

u:(LgL;—l(C.Z))fl. <d7‘y I (C-Z)) (13) Equation (12) is the state-space description of the inverse

dt” ! model and (13) gives the output of the inverse model which
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will serve as the control input of the actual systethdenotes 1200
the state vector of the model inverse and it corresponds 1100k
physically to vectofl’, having also the same initial conditions.
For this system we have calculatedto be 1, so after 1000F
algebraic manipulations (12) and (13) become < 900
; —1{ dyq % 800
Z=fZ)+g(C g Zt-C-f2) (15 B
& 700r
£
d
uw=(C-g)! <% —C- f(Z)). 16) & sool
500
For the implementation of (15) and (16) in the IMC structure
of Fig. 4, y, at each time should be set equal to 400
. 300 : ‘ : :
Ties — (11 — T 0 10 20 30 40 50
Yy = { de ( 1 ~1)} ) (17) Time (sec)
Tyes — (12 — 13)
@)
C. Optimal Control on the Singular Arc Region 09
In order not to limit the control action to only two of the 0.8
three inner temperature points, we applied optimal control
theory to the design of a model based controller. The fact 0.7%
that the model equation (5) is affine {h results in a singular 0.6
solution [18]. Under certain conditions, this open-loop solu- gos
tion can be transformed into a static state feedback control 8™
formulation suitable for closed-loop implementation. For the 20.4‘
g |

case of single-input systems this development can be found in =
[10]. The extension to multi-input systems that we present in
this section is a new theoretical contribution on the subject. 0.2

Our objective is for each of the temperature points to track g,
the desired temperatufg;.,(¢). This can be expressed as

0.3,

O0 10 20 30 40 50
Time (sec)

tr
min J = / (Ty = Tyes)* + (Ty — Tyes)* + (Ts — Types)?) dt )
0

w
(18)
subject to (8), wheré, denotes the final time of the proceSSFig. 6. IMC dynamic behavior using the full-order model as the simulated
! f process and the reduced-order model as the model: (a) process output

We choose to use the temperature points instead of perature) and (b) manipulated inputs (lamp powers). Solid line: singular
amplitude coefficients that we have used in [3], because, simpgmal control law. Dashed line: Hirschorn inverse.
this is a closed-loop formulation, it is more convenient to use
outputs that can be measured directly.

For the solution of (18) we need to form the Hamiltonian
of the system

H=Xf+Xgu+L (19)
where the elements of the vectarof dimension 4 are the
adjoint states of the system, and %
L= (T1 — Tdes)Q + (TQ - Tdes)2 + (T3 - Tdes)Q- (20) g
Q
£
The necessary optimality conditions [18] are P
Hy=A"g=0 (21)
AN =—Hr=-\"fr— Lg (22)
Alty) =0 (23) 0.2 0.4 0.6 0.8 1

r
where the subscripts denote partial derivatives. Because It:h‘lge 7. Temperature profiles at final time using the full-order model as the

Hamiltonian is linear in the controk, the optimal control gimylated process and the reduced-order model as the model. Solid line:
problem issingular [10]. For a singularu(t) we have that singular optimal control law. Dashed line: Hirschorn inverse.
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Fig. 8. IMC formulation using the full-order model as the simulated process @)
with disturbance up to 10K in the wafer temperature and the reduced-order
model as the model. Detailed temperature profilg at 50 s. Solid line: 0.9
singular optimal control law. Dashed line: Hirschorn inverse. 08
H, = 0 for all times; therefore its successive time derivatives 0.7
are also zero. Thus 06
()
dH. . 20.5;
—*=ATg=-X"frg—Lrg=0 4 &
dt g0.4}
d’H : a . a . S
uw — _ ATng _ AT (ng) T _ AT (ng) Tde,s —103
dt? arT T yes
oL . oL . 0.2
_ 9(Lzg) 4. 9Lrg) T
aT aTdes 0.1
Hfr9)
T T T
=X fp(fr9) + Lr(frg) — A —ar T %
Ti
_\TUx9) o OLrg) 4 Hlrg) me (seo)
aTdes ° oT aTdes ° (b)
T Fig. 9. IMC formulation using the full-order model as the simulated process
A Sr(fr9) + Lr(Jr9) with disturbance up to 10 K, varying wafer emissivity, and +40% chamber
\T (frg) O(Lrg) T temperature, and the reduced-order model as the model. (a) Detailed tempera-
- T + T f( ) ture profile att = 50 s and (b) manipulated inputs (lamp powers). Solid line:
singular optimal control law. Dashed line: Hirschorn inverse.
v O(frg) | OLrg)\.;
—|A + Tdes
aTdes aTdes ~ ~ .
a(f ) a(L ) by Tdes - (Tl - Tl); Tdes - (TQ - TQ); Tdes - (T3 - T3)|
— <AT 8;(} + a;;q )g “u respectivelyZ, is used for the chamber temperature as the last
5 element ofT’. This is further illustrated in the next section.
=0. (25) This formulation is based on the simultaneous satisfaction

of all the necessary optimality conditions and it is a static state

Since all the necessary conditions must be satisfied for qur : :
. . edback law. We denote withthe number of necessary time
solution to be optimal, we need to solve the system of (21;

(24), and (25) simultaneously. This is a system of six equatio igferentlatlons of the necess_a_ry opt|mal|ty_c_ond|tlH|;1 - 0
with six unknowns, the inputs.s, ., and the four adjoint n qrder foru to appear explicitly. G_enerahzmg the smgula_r
states);. One can easily notice that the solution of (21) an@Ptimal control theories presented in [10], one may identify
(24) can be done without solving (25). Equations (21) arti®S thedegree of singularityof the sy_stem. For our system
(24) are also linear with respect 19, so they have a unique ¢ = 2- Then, we can state the following:

solution. Then); are substituted in (25) giving two equations Theorem 1:For a multi-input system witht inputs, »
linear in », that also give us a unique solution faras a states, and degree of singularity the singular trajectories
function of 7" and 7}.. in the form, can be tracked by static state feedback when

w=F(T, Tys). (26) n=sxk. (27)

Note that for implementation of this control law in the IMC Proof: In order to obtain a static feedback law, the
structure (Fig. 4), the element§, 75, 13, of T are replaced system of equations to be solved must be square. If the degree
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Fig. 10. IMC formulation using the full-order model as the simulatedid- 11. Modified IMC structure using the full-order model as the simulated
process with disturbance up to 50 K, varying wafer emissivity, and +40$§0Cess with _(a) Hirschorn inverse _and (b)‘smgular optlma! controller_ with
chamber temperature, and the reduced-order model as the model. (a) Detdiledt uncertainty+15% or —15% in one input at each time. Detailed
temperature profile at = 50 s and (b) manipulated inputs (lamp powers)temperature profiles for = 50 s. L], A, & +15% uncertainty i 4, u,
Solid line: Singular optimal control law. Dashed line: Hirschorn inverse. ~%c- X, %, +i —15% uncertainty inu 4, ug, uc.

of singularity iss, the necessary optimality conditions will beProblems with different number of inputs (lamp zones) and
states (inner collocation points in the reduced-order model).

H, =0 Finally, we should mention that a formulation of an exten-
dH, sion to the constrained case can be found in [19]. However,
7 since the values computed far, uc, during simulations by

this algorithm (as well as Hirschorn’s for that matter) never
: violated the lower and upper limits of zero and one, we have
PHa (28) not included such a discussion here.

dts

Sinceu is ak x 1 vector system, (28) is a system(afy-1) x &k D+ Comparison of the Two Control Laws

equations. The inputs; will be the firstk unknowns of the  Fig. 5 illustrates how the two controllers are implemented
system. The remaining x & unknowns are the adjoint statesn the IMC structure. One can also notice that the algebraic
A; of the system. Since the number of adjoint states equaiguation (10) is also implemented in the IMC structure in both
the number of states, the system (28) is square only ifcases as it was discussed in Section IlI-B.
n=sxk. O Although the two structures in Fig. 5 look similar, there is
We should note that the definition of the degree of sim critical difference in addition to the number of inner points
gularity s as given in [10] has already made certain thatnder control. For the implementation of the Hirschorn inverse
the equations forming system (28) are linearly independem.IMC, the time derivatives, not only of the setpoint, but also

Theorem 1 can be used for RTCVD temperature controfthe feedback’; —7;, are needed, whefE is the temperature
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Fig. 12.  Modified IMC structure using the full-order model as the simulatedig. 13, Modified IMC structure using the full-order model as the simulated
process with input uncertainty-5% at all inputs. (a) Detailed temperatureprocess with input uncertainty-5% at all inputs. Dynamic response. (a)

profiles fort = 50 s and (b) manipulated inputs (lamp powers). Solid linefjjrschorn inverse and (b) singular optimal control law.
singular optimal control law. Dashed line: Hirschorn inverse.

~ suboptimal solutionuy = 0, in case the inputg hits the
measurement of the process, afjdhe temperature estimatediower constraint.
by the model. The calculation of the derivatives can only
be done numerically, so a numerical error will be added to V. REAL-TIME CONTROL SIMULATIONS

the calculations. In addition, the numerical calculation of this In order to test the control theory presented in Section 1V, as

derivative will add computational effort to the estimation ofye| 45 1o implement the reduced-order model in a closed-loop

the control inputsu. Furthermore, if a system with relativegcpeme, we performed several simulations. We also considered
order larger than one were considered, calculation of highgtyera| cases of uncertainty, some arising from the modeling
order derivatives would be involved, creating severe numericg ne system and others that might occur in the event of

Eerrors. experimental validation.

This problem does not arise when the singular arc optimalrig. 6 jllustrates the dynamic simulation results of the
controller (26) is used in the IMC structure, because in thifodified IMC using as proces? the full-order model and as
case, only the setpoint time derivative needs to be evaluatgtbdel P the reduced-order model. The lines representing the
Since the setpoint is knowa priori, the calculation of its 76 temperature discretization points of the full-order model are
derivative does not need to be done on-line, nor is it affecteghost indistinguishable, showing that the desired temperature
by measurement noise. uniformity has been achieved. Furthermore, comparison of

Furthermore, the Hirschorn inverse has no capability f@tig. 6(a) with Fig. 2 indicates that we have also achieved set
handling the constrained case. On the contrary, the optinpaint tracking. A detail of the temperature profile at the final
control law can be suitably formulated to be applicable wheime of 50 s is shown in Fig. 7. The circles and the stars
a constraint becomes active. It should be noted, though, thehote the collocation points. One may notice that, though
none of the controllers can give anything more than thbe shape of the profiles across the wafer are different, the
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uniformity achieved using either controller is within 1.2 K. 10
This is definitely within the acceptable range recommended
by the SIA Roadmap for Semiconductors [15], which calls for
5K maximum temperature nonuniformity. 5

A. Process Related Uncertainty

One might claim that the results in Fig. 7 are so good
because the reduced-order model is such a good approximationg
of the process that the model-process mismatch is almost®
negligible. Thus, in order to check the robustness of the control  _g
scheme, a different simulation was performed, having as the
process the full-order model with additive disturbance up to
10 K in each wafer temperature point. No disturbance is added

erature (K)

10

to 7,. The disturbance is not only added to the simulated 0 10 20 30 40 50
process output, but is also incorporated at each time &tep Time (sec)

of the numerical integration of the full-order model into the @

calculation of the state variables @t 1. We can see that the 1200

effect of the disturbance on the quality of control is negligible,
since the plots in Figs. 7 and 8 are the same up to the degree of R
the graph resolution. The same is also valid for the dynamic 1000
temperature profile and for this reason we omit presenting __
additional figures. We also notice that, as expected due to thef;
IMC properties, there is no steady state offset for the Hirschorn 5 800
inverse case foff}, 715, and 7} that are directly controlled.
Since the singular optimal controller is not an exact inverse
of the model but minimizes (18), the setpoint tracking is not = 600
forced to be exact. We should also note that the plots of the 54!
temperatures include the additive disturbance, i.e., they would
correspond to the true temperatures on the wafer. 400
We also performed a set of simulations considering param-  3gg
eter uncertainty. The way the process is described in [3], two
parameters are not modeled precisely. One is the chamber b)
temperature, which is described by the lumped equation (4). _
In reality, the chamber temperature is not constant thro_ughi%'gml‘cv'ith(?o'i\igf‘suremem noise example and (b) edge temperature measure-
the surface of the chamber wall. It is, hence, a very difficult
parameter to either measure or estimate. We performed simu-

lations with up to£40% multiplicative error in the chamberwith time between 0.4738 and 0.8610. This is the emissivity
temperaturdl.. The results look the same as in Figs. 6 and {ve assume for our simulated process, while the model is based

up to the degree of the graph _resolutlon_. . on constant emissivity,, = 0.7. The results look, again, the
The second parameter that is uncertain is the wafer eml

it In 131 th ssivity | dered ant. | Ame as in Figs. 6 and 7.
SIVILy €. 1N [_]’ he emissivity 1S considered constant. -in ig. 9 presents the results of a simulated run including all
reality, the emissivity depends on the wafer temperature ay)

. . . " . 1e above mentioned types of error, i.e., process disturbance
the deposition thickness. Since the deposition thickness yb P

: '§ to 10K, varying wafer emissivity, and +40% chamber
also a function of the wafer temperature we cannot ma . . L
e€mperature uncertainty. The temperature nonuniformity is

the simulation more realistic, unless we solve the equations . ‘
. - ) . : well within the acceptable range. The plots show the final
modeling the deposition thickness simultaneously with tr{e

wafer temperature dynamics. As an approximation, we dlgmperature profile across the wafer and the dynamic lamp

the following. We ran a simulation of the deposition thickne<d>"e' proﬁles_durmg the run. The dynamic t_emperature profile
modeling equations presented in [3], using as the tempe'r%l-Omltted as it looks, again, the same as in Fig. 6.
' The same type of simulation is repeated with all these types

ture dynamics the setpoint. Thus, we obtained the depOSitigperror resent simultaneously. but the additive disturbance
thickness as a function of time. By polynomial fitting to the P imu usly, bu ttive distu

curves in Fig. 3 of [20] we have obtained as the following IbS |r_1cr¢asedf ttz S0 K. (Tdhe d|sturbantcet;ta?s 1;rom| 0 atf tgg
function of deposition thickness: eginning of the run and increases to the final value o

K with a speed similar to that of the desired temperature
cw(S) = —T705* 4985 — 4152 +4.75 + 0.7 (29) setpoint trajectory, i.e., it gets larger as the actual wafer
temperature gets larger.) We can see from Fig. 10 that the

where S has to be inum. Substituting forS the dynamic uniformity is still kept with in the acceptable range. The effect
profile we obtained by the simulated run, we hayevarying of different and larger types of error s can be seen more clearly

00

900
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Tempera

10 20 30 40 50
Time (sec)
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Fig. 15. IMC structure with filter at the feedback path.
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Fig. 16. IMC formulation with Gaussian measurement noise for the singulgjg. 17. IMC formulation with Gaussian measurement noise for the singular

optimal control law. (a) Detailed final temperature profile using filter cutofptimal control law. Dynamic temperature response detail witho{@)= 0.6
frequencywy = 0.4 (solid line), 0.6 (dashed), 0.8 (dash-dot), and 1 radigd/s and (b)oy = 1 rad/s.x: setpoint.

(dots). (b) Dynamic temperature profile witly = 1 rad/s.

. . ) controller indications. Fig. 11 illustrates the final temperature
in the changes of the dynamic lamp power profiles that thesfiie of the cases-15% uncertainty for one input at a time.
controllers produce. The results are different when all inputs are uncertain.
Fig. 12 illustrates the results of a simulation performed with
all three inputs having +5% multiplicative error. Note that
A series of simulations was also performed involving actughe lamp power plots include the 5% error. We notice that
tor multiplicative errors in the range a@f15%. This represents the algorithm using the Hirschorn inverse works in this case
failure of the lamp bank power controls to follow precisely theetter. This becomes more clear when comparing the dynamic

B. Actuator Uncertainty
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Fig. 18. IMC formulation with Gaussian measurement noise for the singulgig. 19. IMC formulation for the singular optimal control law with process
optimal control law. Power percentage of lamp banks using filter cutofélated errors and filter of cutoff frequenayo = 0.6 rad/s (a) with
frequencywy = 0.4 (solid line), 0.6 (dashed), 0.8 (dash-dot), and 1 radisieasurement noise and (b) without noise.

(dots).

. . . o In the simulations we performed, we used a fourth order
profiles, shown in Fig. 13. At the beginning of the runjow-pass Butterworth filter [21]. The Butterworth filter is de-

the controller fails to achieve temperature uniformity to thgigned so that its magnitude squared function of the frequency
desirable degree, but this is corrected as time goes on. Injgllgiven by

three simulations the full-order model was used to simulate 1
the process. H? = ———-
1+ <i>
Wo

C. The IMC Filter Design wherewy is the cutoff frequency, and is the order of the filter.

In the case of measurement noise the feedback sigidle transfer functionH (jw) has the following properties: it
going to the IMC controller is not smooth, as it can bdasn poles; all its zeros are at = oc; it has a bandwidth
seen in Fig. 14. This is a Gaussian white noise signal scakéging from zero tavo; and its amplitude has value 1.0 at
so that it is limited between-10 and 10 K. Due to the w = 0. This means that it is a type 1 filter [16], that is
existence of noise, the performance of the IMC controller is H(0) =1
not satisfactory, unless a filter is added. Especially in the case '
of the Hirschorn inverse, the calculation of the derivative of thBue to a property of the IMC structure [12], since the filter is
feedback signal’ — T" + noiseis impossible due to numericaltype 1, i.e., the steady state gain of the filter is 1, the closed
errors caused by the abrupt changes in the signal value.ldop system yields no offset at steady state, for asymptotically
this case, the existence of the filter in the feedback pathdsnstant setpoints and disturbances.
mandatory, in order to smooth out the effect of noise. The The filter’'s cutoff frequencyv, has to be tuned in order
implementation of the IMC filter is shown in Fig. 15. for the filter to cut the noise, affecting as little as possible the

(30)
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1200 | | | | signal in Fig. 14(a), a different seed is used to generate the

1100 noise added to each temperature measurement. We notice that
the final temperature profile tends to be closer to the one of

1000 the corresponding simulation without noise (Fig. 7) for the

S 900 cutoff frequencies between 0.6 and 0.8 rad/s. At the same time,
e though, the noise elimination gets worse. This does not show
% 800 in Fig. 16 where the 76 temperature curves essentially overlap.
8 700 It hardly starts showing in Fig. 17 where a detail of the
g temperature dynamics is presented. It becomes more obvious,
= 600 though, if one examines the lamp powers in Fig. 18, which
500F become more oscillatory as the cutoff frequency increases.
Fig. 19 illustrates the use of the IMC filter in the presence
400 B
of process related errors, same as in Fig. 9. We use cutoff fre-
300 ‘ : ’ ‘ guencywg = 0.6 rad/s since it eliminates the noise sufficiently
0 10 20 30 40 50 .
Time (sec) and does not affect severely the dynamics of the process as
@ this is indicated in Fig. 19(b) with the good matching of the
setpoint (dashed line) to the 76 temperature curves.

1110 | ' ! ‘ ! The tuning procedure for the Hirschorn inverse confirmed
the increased sensitivity of this controller to measurement
noise. The range of cutoff frequencies tested in the singular op-

1105 1 timal controller was not sufficient. The final cutoff frequency

< we decided upon was, = 0.3 rad/s. As we can see in Fig. 20,

o and even more clearly from the lamp power plots in Fig. 21,
%1100 there is still oscillation. Also, in Fig. 22 we can see that the
“é IMC filter with wy = 0.3 rad/s affects severely the dynamics
K of the closed-loop system in the case of process uncertainty

1005 and disturbances. In this simulation, the same process related
errors are used as in Figs. 19(b) and 9.

109Q o5 30 35 40 45 50 VI. CONCLUSIONS

Time (sec)

Two model-based real-time control algorithms were suc-
(b) cessfully developed for controlling temperature uniformity on
Fig. 20. IMC formulation with Gaussian measurement noise for ththe wafer surface for a three-zone RTCVD reactor. A reduced-
Hirschorn inverse with filter withvg = 0.3 rad/s. (a) Dynamic temperature grder model describing the distributed parameter system is
response and (b) temperature response detaietpoint. utilized by the controllers. The development was done within
the nonlinear IMC structure, which was modified specifically
measured process dynamics. In general, low cutoff frequenciesdeal with systems described by differential-algebraic equa-
improve the elimination of noise but, at the same time, th@®ns. It was necessary to extend the optimal control theory
dynamics of the system are affected. On the other hand, higi singular arcs to multi-input systems, contributing also in
cutoff frequencies leave the system dynamics unaffected lné area of control of nonlinear nonsquare systems that are
do not smooth out the noise effectively. Hence, in the tuniraffine in the inputs. Both the singular optimal controller and the
procedure a compromise between performance and robustr@ss based on the Hirschorn inverse of the model were exten-
is necessary proving an intermediate cutoff frequency rangesioely tested for robustness to process uncertainty, disturbances
be optimal. The tuning procedure indicated that the Hirschoamd measurement noise. They were shown to demonstrate
inverse is more sensitive to noise, as expected due to tlebust behavior, though, as it was expected, the Hirschorn
differentiation of the measurements, thus requiring a lowetverse cannot handle measurement noise as efficiently as
cutoff frequency. the singular optimal controller. The simulation results are
For the tuning of the singular optimal control law, cutoffvery encouraging. In particular, the successful robustness tests
frequencies between 0.4 and 1 rad/s were tested. Simulatiodicate that the implementation of the proposed real-time
results are demonstrated in the following figures. In all simmodel based control algorithms on RTCVD systems allows
ulations the full-order model is used to emulate the processie to control uniformity within the goals set by the SIA
The plots of the temperatures correspond to what would Blational Technology Roadmap for Semiconductors [15].
the true temperatures, prior to the addition of the measuremenFEinally, it should be noted that both controller design
noise. The feedback control signals include the noise of courpeocedures allow a certain degree of flexibility as to which
In Fig. 16(a) the detailed final time profiles of the actugboints on the wafer are controlled, depending on the available
temperatures are shown when there is measurement noiesmperature measurements. If measurements of the edge tem-
Although all noise profiles are Gaussian white noise as tperature are unavailable, then all three inputs (lamp powers)
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Fig. 21. IMC formulation with Gaussian measurement noise for the (@)
Hirschorn inverse. Manipulated inputs fep = 0.3 rad/s.
0.7
can be used to control the three inner points via the Hirschorn 0 6\

inverse controller. In such a case, for the singular optimal
controller, Theorem 1 would allow the use for a reduced-
order model with more inner collocation points, subject to

satisfaction of (27), and the temperatures of these points could §0_4,
be included in the objective function of the optimization. a
£0.3
g
APPENDIX 02
The reduced-order model is expressed in the form 01
0
fori=1,---,3 0 Time (sec)
dCp., ) . dT; b
O M T v
1 dr Fig. 22. IM_C formulation for the Hirschorn inverse yvith process related
-~ | == (A . T)72 + ,i(B . T)7] errors and fl_lter of cuto_ff frequgncy)o = 0.3 rad/s, with Gauss.lan mea- .
R%U dr’ T—T. surement noise. (a) Solid _Ilnes. dynamic temperature response; dashed line:
! setpoint. (b) Manipulated inputs (lamp powers).
1 - - -
+ m [Qlanlps,'w(7i) U+ qdw,b(7i) + (de,t(”)]
(31)
r 0 0 0 0
A— —0.987897 —0.112753 1.69256 —0.591905
0.147480 —1.85294 —3.70189 5.40735
L 5.63929 —4.85669 —19.8083 19.0257
r—3.26828 —0.0762699 6.14695 —2.80240
B— —4.84154 —0.717501 7.99073 —2.43170
31.8788  —20.8281 —99.7517 88.7011
L 104.272  —58.0574 —307.702 261.488
rl 1.36681 —0.807549
T — 1 0.931689 0
1 —1.02275 0
L1 —1.69066 —4.95123
[9.1 8.91325 7.49502 7
Qlamm’w =109 1.03157 3.12009 4 (33)
|17 17.1378 17.4292 17.5000




THEODOROPOULOUet al: TEMPERATURE UNIFORMITY OF RTCVD 101

with boundary condition [19] A. Theodoropoulou, “Model reduction and temperature uniformity con-
trol for rapid thermal chemical vapor deposition reactors,” Ph.D. disser-
H(T4)Tamb tation, Univ. Maryland, College Park, 1997.

4 4 4
= (AT)s = —0ewTy(Ly — 1) +qeageun (32)  [20] F. Y. Sorrell, J. A. Harris, and R. S. Gyurcsik, “A global model for
w rapid thermal processorslEEE Trans. Semiconduct. Manufaatql. 3,

T - ; pp. 183-188, Nov. 1990.
Where(A T)Z and (B T)Z are theith elements of the vectors [21] G. F. Franklin and D. J. PowelDigital Control of Dynamic Systems.

(A-T) and (B - T), respectively. Reading, MA: Addison-Wesley, 1980.
The chamber temperature equation, as well as detailed

explanation and values for the several terms in (31) and (32)

are given in [3]. The discretization matrices for the four-point

reduced-order model are shown in (33), at the bottom of t

previous page.
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