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ABSTRACT. This paper presents a mathematical model for a thermal reaction process of
external heating equipment. The new control system design for this process, which treats
a heat source flowing model for an externally attached device is proposed. The equation
of a distributed parameter system as a coupled system with the heat reaction process is
presented. This paper proposes a lumped heating system to replace the distributed heating
function with a time delay as a whole element. The model that is equivalent to a system
in order to make possible practical devices is considered. This paper discusses the config-
uration of the linear model using the exact linearization method for the coupled system
with external heating equipment.

Keywords: Semiconductor manufacturing equipment, Thermal reaction process, Ex-
ternal heating equipment, Distributed parameter system

1. Introduction. The Radio Corporation of America (RCA) has developed a metal-
oxide-semiconductor (MOS) transistor and integrated MOS arrays, a silicon vidicon, stor-
age tube, etc. In 1961, the RCA developed the removal of trace impurities on silicon lead
to harmful effects electrically for the first time [1]. To develop an efficient framework of
micro-device manufacturing for next-generation industries, it is necessary to have high-
performance feedback control [2].

In particular, statistical process control (SPC) is a quality control method, which uses
statistical methods, and is applied to monitor and control a process and to make a chart
indicating the quality of the process. The monitoring and control of the process ensures
that it operates at its full potential, and SPC is widely used in the manufacturing of
semiconductors.

In the semiconductor manufacturing industry, an increasing number of suppliers have
embarked on the development of large devices. In addition, there is a trend to produce
large wafers, so the steps involved in each process are simultaneously performed on large
chips. It is commonly known that the semiconductor manufacturing process is composed
of a number of processes, and the thermal reaction process is one of the so-called front-end
processes. Through this process, the semiconductor manufacturing equipment maintains
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a fixed temperature using a reaction liquid in wafer, and then, the desired efficiency is
obtained.

In contrast, manufacturers have considered the application of a controller design method
using output feedback in the presence of the bounded symmetric control, which is based
on the linear matrix inequality (LMI).

In the chemical industry, petrochemical plants are involved in the manufacture of hydro-
gen from hydrocarbons [3]. In addition, the simultaneous optimization of scheduling and
transportation is desired because of competition in the semiconductor industry. Therefore,
it is important to reduce the production time and transportation cost [4].

This paper focuses to design a control system and a mathematical model for attached
external heating equipment (AEHE) in the semiconductor manufacturing industry. In
general, the heat reaction process is often used as a method of AEHE. An example of the
system report of the thermal reaction process involves the combination of the thermal
reaction model and the mass balance model [5]. In this example, the thermal reaction
model is obtained by adding a new term to account for the exothermic reaction method
by mixing various kinds of processing liquid. Exothermic reactions present unique haz-
ards that occur within enclosed semiconductor equipment. The heat that is generated
will increase the temperature of the reactants and products of the reaction, and that of
surrounding materials. Because all substances have properties such as pressure that are
temperature dependent, the resulting higher temperatures may affect the behavior of the
materials in the environment.

In previous study, there are other systems such as a time-delay element that are attached
to heating equipment [6].

In [7], it was reported that the multi-period repetitive control system is a type of
servomechanism for periodic reference inputs. They proposed a design method for simple
multi-period repetitive controllers for time-delay plants.

Therefore, this paper focuses on the mathematical modeling of the thermal reaction
process, and considers a design structure for its control system. That is, this paper deals
with the heat source flowing model as a model of AEHE. Further, we express it as an exact
partial differential equation (PDE) because PDEs allow us to employ coupled systems for
the thermal reaction process.

In order to make the model of the exothermic reaction system, the mathematical model
of the thermal process as a coupled system with AEHE and the thermal reaction process
are used.

The originality of this study is expressed for AEHE as a model of lumped parameter
system, not a function of the spatial heating distributed system. This paper proposes
a lumped heating system to replace the distributed heating function with a time delay
as a whole element. It becomes an equivalent system in the construction of practical
equipment.

Therefore, this paper discusses the configuration of the linear model using the exact
linearization method for the coupled system with AEHE.

2. Mathematical Model of AEHE. This section discusses the mathematical model
of AEHE. Figure 1 shows a schematic of the external heating reaction system. This is
with reference to the flow model reaction system. In Figure 1, £ € [0, L] indicates space
variable, t € [0,7] indicates time variable and ©.(¢) indicates the internal temperature
of the heated fluid in the heating unit. ©O.(¢) indicates the ambient temperature from
AEHE. Further, Figure 2 shows the the cross-section view of Figure 1.
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Let the radiation coefficient of AEHE be 1/R and the specific heat of the fluid inside
Cy. It is obtained by

264(1,6) = On(t-+ A6 -~ 01(1.6) = o {oue.6) - f e gachan
From Equation (1), it is obtained by
AB.(t,€) _ Ule) 2mlU (o)
NI RCM@h(t,g) + RO O.(t). (2)

At this time, as Equation (2) describes the dynamic change in the fluid to move, the
Lagrange differential equation is used, and it is obtained by

00, 00 00,

_ 09,
o~ ot o (3)
Let rewrite Equation (2) as the following, and it is obtained by
004 (t, 00 Ule
L) 1 B = T fomie, 1) - 04(1,6)) (@

ot To¢ T ROy
where, ¢ indicates advection velocity of the fluid.

Here, U(t) = Ul(e) is called the overall heat transfer coefficient, which is a measure of
the overall ability of a series of conductive and convective barriers to transfer heat [8]. It
is commonly applied to the calculation of heat transfer in heat exchangers.

From this, let Equation (4) describe as

00,(1,8) | 90n _ U(t)

ot Toe = RCy,

where, let kg > 0, k; > 0, they indicate a reaction coefficient. Then, the initial condition
of Equation (5) is

{k()@C(t> - k1®h<t7§)} (5>

0,(0,£) = (&) (6)
In addition, the boundary conditions of Equation (5) are

On(t,0) = O, (t) (7)

On(t, L) = On, (1) (8)

It is called AEHE of described above as a heating device of In-Line type. The unit of
heating process thermal reaction is widely used in principle; however, its shape is different.
Then, Figure 1 changes into Figure 3.
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In other words, Figure 3 shows that the AEHE heats materials by the lumped state,
not spatially state. Its distributed function indicates ¢(£*), which is the function of
©(£*) € C'. The shape of its function is described below. From this, Equation (5) is
rewritten by

00,(1.E) | 9O _ (&)
a1 Toc ~ RCy
As described above, it was possible to express (9) as a conceptual model of AEHE. We

will apply a mathematical model of heat reaction process using above model in the next
chapter.

U(t){koOc(t) — k1On(t, €)} 9)

3. Heat Reaction Process. AEHE is described in this chapter, Figure 4 indicates its
conceptual diagram.
The parameters used in this study define as follows.

Definition 3.1. Definitions for various parameters

vy = Vi + LpS: Substantial volume of the reaction process unit [m?]
vp, = Vi, + Ly S: Substantial volume of the heater unit [m?|

Vi: Substantial volume of the heater unit [m?]

Vi: Substantial volume of the heater unit [m?]

Ly: Effective length of the reaction process side [m]

Ly, Effective length of the heater unit [m]

S: Cross-sectional area of the pipe [m?]

Oy Internal temperature of the reaction process [K]|

Oy: Internal temperature of the heating unit K]

q: Flow rate [m? - s7!]

p: Density of the reaction mizture [kg-m~
c: Heat capacity of the reaction mizture [Cal - Kg=' - K|

P: Input power of the reaction process [W]

H: Input power of the heating unit [W]

©o: Ambient temperature of the reaction process [K|

Py: Exothermic reaction of the reaction process [W]

ko: Coefficient of heat dissipation to the outside [s™!]

1/R: FExternal radiation coefficient of the reaction mixture [s!]
Chr: Heat capacity of the heating unit [Cal - Kg~! - K]

©.: Ambient temperature from the outside [K]|

]
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U(t): Overall heat transfer function (control variable)

The amount of heat that must be added during a chemical reaction in order to keep
the desired temperature is considered as follows.

Reaction
Process
I Internal ’t
1 treatment H
: tank 1
Reaction ; :
) Process Filter/Heater
Reaction
Process
Yy | um
Outside
heater L S
Induction heater
(a) Built-in heater  ( b) External heater Lb Lh
FIGURE 5. (a) Buit-in heater, FIGURE 6. Detailed model of AEHE

(b) outside heater

The heat unit is attached the built-In type directly into the reaction process in Figure
5(a), and a thermal model can be expressed as

vbpcdd—ezb = Kovppc(©g — Oy) + B+ P (10)

where, let ©,(0) = Oy,.

Such systems that are widely used conventional methods were used until a few years
ago. However, their usage is again increasing.

In contrast, it is capable of heating the reaction liquid indirectly, instead of requiring
that the heat exchange unit be installed directly into the reaction process in Figure 5(b).

Then, the above system model as Figure 5(b) can be shown as Figure 6.

In this case, the model that includes from the reaction process to AEHE is expressed

by

vbpcdd—(?) ={—0y+ O4(t, L)) }gpc + (©g — O.)kovopc + By (11)
) 4 gt 2 — 20 k60 - kenr.) (12)

where, let U(t) be a overall heat exchange coefficient, let £ be a spatial variable at this
time, and let 0 < ¢ < L, L =2 L, + L;,. In this case, since AEHE is a heat exchanger
in general, the derivation of the model is a strictly expressed for the system, then, it is
derived by

+ L{k:o@c(t) — AO(t, &)} (13)

RCy
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where, let A be a effective area of heat exchange ([m?]), v, = Vi + LS, and ¢(t) is the
advection velocity of the fluid.

Then, let U(t) = o()U(t), ¢(£*) is a distributed function in Equation (9). According
to Equation (13), the outlet side mathematical model can be rewritten by

d@hg,L) _ so(g‘gﬂi 1) 1100, (1) — 1y On(t. L)} + ﬁ{@o(t) _Ae D)} (14)

where, let RCyy = (Vi, + LpS)pe [19].
Then, Equation (14) is rewritten by
dOn(t, L)
dt

— w(t, L){koOu(t) — k1On(t, L)} + f{On(t, L)}
=w(t, L)g{On(t, L)} + f{On(t, L)} (15)

where, the following equation holds.

pENUQR) _
w(t, L) = “ROn w(t) (16)
g{On(t, L)} = ko®O.(t) — k104(t, L) (17)
F1OM(t 1)} = o {8(t) — A0 (1, L)} (19

In this case, by using the strict linearization method, Equation (15) can be rewritten
by

dm(t)

A S 1
o am(t) + bu(t) (19)
where, the following equation holds (see Appendix 1).
1 k1
_ P
“ {RCMJFRCJQW} (20)
1
b= —— 21
RCy (21)
w(t) = ! | =L {00 (t) — k1Ot L)} + u(t) | x —2 (22)
" Oo(t) — k1On(t, L) |RCy " I RCy
Therefore, the model of the coupled system on Equations (11), (19) is
dm(t) = —am(t) + bu(t)
prCd—tb ={=0, 4+ O,(t, L)) }gpc + (©¢ — O.)kovopc + Py

Thus, for example, if a recursive least squares estimation method is used, the parameters
a and b in Equation (19) can be estimated. Moreover, the zero-order hold (ZOH) is a
mathematical model of the practical signal reconstruction done by a conventional digital-
to-analog converter (DAC). Equation (19) can be rewritten from the continuous data to
the digital data by using ZOH. As a result, it is possible to configure the control system
by using STC method [11].

Furthermore, to study the structure of the control system, Equation (24) can be rewrit-
ten as the following equation. The output variable sets 7 (t) when () is controlled by the
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control variable and the mathematical model of the thermal reaction process is derived

by

do .
vbpcd—tb = (—qpc + Kovopc)Oy + {(Mm(t) + O.)gpc + Opkovopc + Pp} (25)

where, let K, = (¢ — Ko - vp) pc.
Then, we obtain

doy K, 1 .
= —{(m(t ¢ s 2
7 prc@b + prc{(m( ) + ©c)gpc + Opkouppc + Py} (26)
In addition, the variables in Equation (26) are translated as follows:
. K, 1
a= , b= ——
vypC e (27)

f(t) = {(m(t> + @c)qpc + @ol‘io'l}bpc + Pb}
From Equation (27), Equation (26) can be rewritten by
dOy,
dt

As described above, by specifying the system parameters in Equation (26) respectively,
it is easy to examine the effects of substituting computer simulations of temperature of
the reaction process in place of real equipment.

= —a0, +bf(t) (28)

4. Construction Method of Control System by the Strict Linear Method. Here,
we discuss the exact linear model.
Now, we rewrite Equation (28) to

do ~
= 4 a0, = bf(t) (29)
dt
In this case, Equation (29) can be rewritten from continuous data to digital data by
using ZOH. It is obtained by

(1 = exp(=aT) - 2™y = = (1 — exp(—al)) - =™ - £(1) (30)

Q| oW
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Qo

where, let 27! = exp(—sT'). Then, let « = —exp(—aT), =
Equation (30) is as

(1—exp(—aT)). Therefore,

(1+a)8, =421 f(t) (31)
That is, it is obtained by
Ou(t) = —aBy(t = 1)+ 3 - f(t = 1) (32)
Here, the predicted value O (t + 1|t) in the left-hand side of Equation (32) is derived by
O (t+ 1[t) = —aOy(t) + 5 - f(1) (33)
From Equation (32), the prediction error is derived by
e(t +1]t) = Op(t + 1[t) — 7(t) = —a®y(t) + 5 - f(t) = 7(1) (34)

Therefore, to minimize Equation (34), f(¢) that minimize the mean square prediction
error is derived by

fe) = a@b(t)ﬁ +7(1)

where, v(t) is a target desired value for the optimal system. In this case, from Equations
(27) and (35), it is obtained by
7(t) — exp(—aT)Oy(t)
L(1 — exp(—aT)

From this, according to track the v(¢) by the ©,(t), let the target desired value of the
m(t) be the m(t). Then, from Equation (36), it can be obtained by

1 {v(t) — exp(—aT)O(1)
qpc b(1 — exp(—aT))

(35)

= (m(t) + O.(t))gpc + Ogrovppc + Py (36)

m(t) = — Ogkouppc — Pb} -0, (37)

Applying Equation (19) in the same manner analysis and according to Equation (35),
it can be obtained by
m(t) — exp(—aT)m(t)
3(1 — exp(—aT))

u(t) = (38)

E:(] @b(t) VbE:L

Reaction
Process
I Internal n
: treatment (|
: tank :
ML W Lp

FIGURE 8. System model of the external heat system



THERMAL REACTION PROCESS (PART I) 1565

Therefore, from Equations (16) and (22), it can be obtained by

1
RCy

(39)

Ulq, H, 1) 1 y [ 1
RCy, [0 — k10,(t, L)]

_ - Bu(t) ~ O (t, 1)) +u(t)]

If ¢ is stable variable in U (q, H,t), Equation (39) can be derived by approximately

A~

Ul(q, H,t)

55 = n(e(OH, Yn >0 (40)

where, n(q) is the linear function that ¢ depends on U (1).

Above describe, using Equation (40) from Equation (37), it can be obtained from the
control input H(t) that inputs to AEHE. Here, the distribution function of AEHE is
defined as follows:

Definition 4.1. Distribution function of AFHE
o(€) = crexp{ (& — K)?}.VI¢'| < K (41)

where, if |€*| > K, let o(£*) = 0.

Assuming that 0 < & < L € Q, let ¢ € D(Q2), ¢ in Equation (41) is a real function with
a compact support in €.

Because Equation (40) is a smooth function ¢(£*), such as Equation (41), the AEHE
represents the mathematical control function that heats with the lumped state spatially.

According to this, by using Equations (38)-(41), the electric input power H(t) can be
obtained by

[n(q)p(&")] ™! X{ 1
[©0 — k10,(t,L)] ~ | RC

H(t) = {k’o@c - k)l@h<t, L)} + U(t) (42)

Te(€")

F1cURE 9. Distribution function of the heating
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5. Configuration of the Control System of Heat Flow. From Equation (13), the
variables of U is strictly derived by

00,(t,€) 00,(t,€) 1
5 T q(t) o RCMU(t){ko@c(t) — k1On(t,€)}
Ul(t)
+ m{kOGC(t) - A@h(t7 6)} (43)
where, U(t) can be derived by the following function:
Ut)=U(q,1,V, f,1) (44)

The temperature O(t, ) of the reaction liquid can be obtained from Equations (43)
and (44). The variables V' (o), f in Equation (44) are the current and frequency in the
inductive method respectively.

That is, by spraying the reaction liquid, the object temperature can be derived by
On(t, L).

Here is the time-optimal heat control problem, and its accuracy of the control temper-
ature is required.

As mentioned above, the object is heated over a long period of time in the circulatory
system, and the temperature control is obtained by securing the more reaction liquid in
the tank.

To reduce a die size, the framework of the semiconductor process has evolved and have
been migrated to the thermal reaction process.

Now, before we discuss the control algorithm, the electrical variables for the induction
heat unit are described. Figures 11-13 and the meaning of the variables used in the
following equation is as follows. V'(e): Supply voltage, I(A): Circuit current, P(W):
Input power, f: Power frequency, §: Skin effect coefficient, C: Capacitance, V;: Electrode
area, d: Distance between electrodes, €,: Dielectric constant of the object to be heated,
€p: Permittivity of vacuum.

First, the input power is given by

P =VIcos (g - 5) = VIsind = VItan§(Watt), V6 << 1 (45)
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F1cURE 11. Schematic of the induction heating

FIGURE 12. The equivalent circuit of the induction heating

FiGURE 13. Phase difference ¢

In addition, ¢ = €€,3, I = wcV'; therefore, the following equation holds.

5 V 5 Vv
I =wcV = 3¢ fsg x 10719(A) = 3¢ fsE x107°(A4), VE = 7 (46)
where, let ¢g = 8.855 x 1072[F/m] = 1/(47 x 9 x 10%). In addition, FE represents a
electrolytic strength. Therefore, power P is derived by

P = gdsEes tand x 1071%(W) (47)

where, ds represents the Dielectric volume of the object to be heated. Therefore, the
power per unit volume is derived by

P= g fE?*e,tand x 1071°(W) (48)

where, €, tan 0 represents the Dielectric loss factor. Therefore, power P can also be ex-
pressed by

P2 fE%,tand (49)
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where, f, F estand is the variable determined by the object.

Therefore, from Equations (42)- (49), u(t) can be obtained.

At this time, the system model that can be obtained by the Exact Linearization Method,
and are given by Equation (19) and Equations (20)-(23). From above these equations, we
obtain

— +am(t) = bu(t) (50)

where, let m(t) = k10y(t, L) — ko©,, and let the ©.(t) = const. For the simplicity. The
parameters a, b are the fixed values in Equations (20) and (21) respectively. In addition,
from Equation (16) and Equation (22), it is obtained by
U(L, f,q,t) 1 1
= koO. — k1O, (t, L)); u(t) | x
RC B0 10, 1] ey P 1On(t, L))su(t) | x pee
In this way, it was found that the temperature of the object can be controlled by the
overall heat transfer function U(t). At this time, the control parameters can be done by
the input voltage and frequency.
Then, by applying the maximum principle using the model described above, the flow
control in the time-optimal control system is discussed.

(51)

Pre-reaction
process
@)h(ta 6) 6 =1L
) Chemical
‘ §§ o!nputs
E =0 (quantitative,
- A isothermal)
I
RS232C -
reaction
rocess
I:I Controller P
[
| rs23ac I
LJ .
The main unit controller

F1GURE 14. Reaction process control system equipment

5.1. Solution by the maximum principle. In this chapter, though it is different from
the control method STC, the constraint condition of the following control function is
discussed.

0<U®l)<M (52)
Regarding with a control criteria, the criteria is derived by
1 (7
J =min |- r—m(t 2dt} 53
i |5 [ (= mio) 53

where, r is the desired value.
In this case, the Hamiltonian is derived by

H= %(r — ()2 = M—amf(t) + bu(t)) (54)



THERMAL REACTION PROCESS (PART I) 1569

d\  oH 1, 1
dm 0OH
The optimal control function u,y,(t) is also derived by
OH
Uopt (8) = 0 —bA(t) (57)
_J0:At)>0 (U(t)=0)
Uopt = { M, A0 <0 (U(t) = M) (58)

where, let 0 < u(t) < M,. At this time, A(T") = 0 is a terminal condition.

6. Conclusion. As mentioned above, we proposed an exact mathematical thermal model
for thermal reaction processes, such as those discussed in this study. In addition, a model
that is in agreement with a real system was also proposed using the exact linearization
method.

Prior to the validation of our method, simulations were carried out. In this way, by
taking advantage of the optimal control theory or various mathematical programming
techniques, it was possible to configure the control system.

The originality of this study was the expression of the mathematical model of AEHE
and the expression of a coupled system for reaction processes.
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Appendix 1: Derivation of the parameters a and b. In Exact Linearization Method,
we take advantage of Lie derivative.

In vector field, Lie brancket [f, g](z) of vector-valued function f(z) and g(x) respectively
are

.6)() = 22 f(x) — P g (59)
where, Formula (59) is defined in vector field.
ad’g(r) is
adyg(x) = g(2), (60)
adbg(x) = [f,adig] (2) (61)

where, Formula (61) is also defined in vector field.
In addition, the Lie derivative of scalar function ¢(x) in vector field f(x) is

Lio(w) = 2 j(a) (62)

Then, by running the Lie derivative repeatedly, we obtain
Lyg(x) = Lyg(x), (63)
yo(x) = Ly [Lyo(2)] . (64)

In such a model of this study, we put
g(@<t7 L)) = kOGO(t) - kl@(ta L)7 (65)
1

FO( 1)) = 7—(0(t) = O(t. L) (66)

Therefore, it is to satisfy the theorem of Exact Linearization Method [22].
Consequently, we obtain

Lad}go(©(t, L)) = 52 adlg(©(t, L)

99

8@<k0@0( ) — k1©(t, L)), (67)
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Lad}gqb(@(t, L)) =

Therefore, we put
P(O(t,

Then, w(t) becomes

0
agadfg(@(t, L))

_ 0o 1

00 " RCy R, FioBolt) =

klgc)

L)) = ke®y — k,0(t, L)

u(t) A

Lio(O(t L))
wit) = [Lf?%(( L))

" L,I06(6( L)

“ RCur

_ {{RCM}

k?()TlCi — k1®(t,

1

Ye.-0(tL)) u(t) ] A

L) k0O — k1O, L) | ROy

1 A

 koOo(t) —
where, let © = ¢(O(t, L)) =
d© dO de
dt — de dt
1
RCM
A/Chr

k1O(t, L) {RCM
ot L) —

S (Bo(t) = k1O(t, L)) +

(0. —O(t, L)) + u(t)} X RO

O.(t), and we can rewrite to

(ko®c(t) — k1©(t, L))

1

' [’fo@o(t) -

D O S
| RCy  RC%

] O(t)

[ 1 A

— —aO(t) + bu(t)

where,

1
“= [ROM " Rz,

w(t) = !

Ot L)

RCw T RC?,

A8 = B(t, L)} + ult)

}-{@C—G(t,L)}+

u(t)

RCMU(t)

RCy

A - A
7 RCy

ko@o (t) -

where, w(t) become

w(t)

O L)
« {ﬁ{@o(t) — kO(t, L)} +u(t) b x

RCy

A

= RCMW( )

That is, the model of Exact Linearization Method is expressed by

do(t) _

dt

A

—a®O(t) + bu(t).
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