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Iterative identification of temperature dynamics in single wafer rapid thermal processing
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Abstract—As the standard size of silicon wafers grows and performance specifications of integrated circuits become
more demanding, a better control system to improve the processing time, uniformity and repeatability in rapid thermal
processing (RTP) is needed. Identification and control are complicated because of nonlinearity, drift and the time-varying
nature of the wafer dynamics. Various physical models for RTP are available. For control system design they can be
approximated by diagonal nonlinear first order dynamics with multivariable static gains. However, these model structures
of RTP have not been exploited for identification and control. Here, an identification method that iteratively updates
the multivariable static gains is proposed. It simplifies the identification procedure and improves the accuracy of the
identified model, especially the static gains, whose accurate identification is very important for better control.
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INTRODUCTION

Single wafer rapid thermal processing (RTP) consists of three
steps of rapid heating up to a specified temperature, processing under
a constant operating temperature and then cooling down. RTP is used
for various processes in the fabrication of semiconductor devices,
such as rapid thermal annealing, oxidation, nitration and chemical
vapor deposition. A control system is required to follow the desired
temperature trajectory while maintaining the desired temperature
uniformity. RTP control becomes more stringent as the sizes of in-
tegrated circuits become smaller and wafer diameters grow. In con-
trol of RTP, there are several difficulties such as high nonlinearity
of the heating process, drift, time-varying nature of wafer process-
ing, and non-contact measurements of temperatures. A review of
RTP control has been provided by Edgar et al. [1].

Various control methods have been applied to RTP, including
decoupling control [1], iterative learning control [2,3], adaptive con-
trol [4], internal model control [1], model-based control [5] and non-
linear model predictive control [6]. Huang et al. [7] used a propor-
tional-double integral-derivative (PID) controller to eliminate off-
set error during the heating step. To design these control systems,
accurate models for RTP are required. Models based on the first
principles are available [6,8-10]. They have been shown to be approx-
imated by diagonal nonlinear first order dynamics with multivari-
able static gains [5,7,11]. However, these model structures of RTP
are not yet utilized for identification and control. When the multi-
variable static gains are identified accurately, the process controller
can be decoupled and a linearizing control system having predict-
able responses can be designed.

Identification of the multivariable static gains is difficult due to
drift and nonlinear time-varying dynamics. A poor model cannot
ensure the given control performance. For the purpose of control
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system design, iterative identification methods are available [12].
Models are improved to guarantee a specified control performance,
such as decoupling. An iterative identification method is applied to
identify the multivariable static gains of RTP. At a given tempera-
ture level, locally linear models with accurate multivariable static
gains are identified iteratively. Then, a nonlinear model is constructed
by using analytic radiation terms [11] without model identifications
at various temperature levels. The proposed method will simplify
the identification procedure and improve models for the purpose of
control system design.

SINGLE WAFER RAPID THERMAL PROCESSING
AND TEMPERATURE CONTROL

This work was carried out with experimental RTP equipment
developed by Texas Instruments to fabricate the 6-in wafers. The
main chamber is shown in Fig. 1 [13]. Physical models for the wafer
dynamics with different complexities have been proposed [6,7,14].
Here, a lumped model as in Huang et al. [7] and Kersch and Schaf-
bauer [9] is used.
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where 1 the index of the radial cell on the wafer with volume V,,
mass density p, heat capacity c,, and temperature T,.

The radiation term can be described as ¢""/=A,> a;” ;e 0T/~

7

Jj=1
Ae?oT!, where A, is the surface area of the i-th cell, aZ is the ef-
fective absorptivity, and e’ is the effective emissivity. The first term
in Eq. (2) 7 describes the fraction of radiation emitted from the
surface element j. These radiative exchange factors depend on the
geometry of the RTP chamber and the optical properties of the wafer
surface. They need complicated computations such as Monte Carlo
simulations [9]. Schaper et al. [8] showed that the off-diagonal terms
in 7 are small and can be ignored for the purpose of control system
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design. The convective heat transfer term is given as g/*"=—A},
(T—T,,), where h; is the heat transfer coefficient. The convective
heat transfer coefficient depends on the gas properties and flow pat-
tern [15]. The conduction term depends on the gradient of wafer
temperature across the radial direction and is known to be negligi-
ble compared to radiation and convective terms. The heat exchange
term g is heat addition due to the heated wall. Its dynamics is
about ten times slower than that of the wafer. Usually, the wall tem-

perature is not measured but is considered as a slow drift. Heat ad-
N

dition from the lamp power is given as ¢""=Aa?> L, P,.
j=1
In summary we have

v

pV,-cPdH? =—A(hT,+eoT))+ A"y L,P,+di(t) )

J=1

where d(t) includes drift and effects of all ignored heat transfer ef-
fects. Eq. (2) has several parameters that are difficult to estimate
theoretically. Cho et al. [11] conducted experiments for the RTP
equipment in Fig. 1. They obtained local linear models for temper-
atures between 400 K and 700 K based on experimental data and
constructed a nonlinear model by fitting those linear models. The

model [11] is

T(t):—f(T(t))+BP(t)+d(t) 3)
where
T= (TIJTZJ Ts)T
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Fig. 1. Experimental single wafer rapid thermal processing equip-
ment developed by Texas Instruments [13].
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P=(P,P,,P;)"

3.6170x 10°T,+4.7203x 10T}
f(T)=| 3.4455x107°T,+4.2441x 10T}
4.5144x107T,+5.5126x 10T}

4.9823x107 3.6034x107 0.6401x107°
B=| 3.6167x107 4.1290x107 0.8654x10
4.6108x107 4.8056x107 1.8020x10°°

d(t)=initial and drift term

Here this model is used as a real process to be identified.

Models of Egs. (2) and (3) have uncertainties such as ignored
conduction terms and quartz window dividing the chamber and lamp
dynamics. They are valid for small perturbations of T,, T, and T,
that are maintained to be same, and are effective for control system
design purposes because control systems will maintain wafer tem-
peratures to be the same. However, to identify them, we are very
cautious because models of Egs. (2) and (3) have structural uncer-
tainties. Large deviations of wafer temperatures will activate the
conduction terms and quartz window dynamics, and can provide
poor models. That is, identification of the full nonlinear models with
large perturbations is not recommended. Here, an identification meth-
od that uses small perturbations is proposed. For this, we identify
local linear models with perturbations whose sizes and times are
minimized. Further, they are refined iteratively. Then nonlinear mod-
els are restored so that their linearized ones are the same as the iden-
tified linear models.

LOCAL LINEAR MODEL IDENTIFICATION

For a given operating condition, T, =T, =T, =T, the system of
Eq. (3) can be linearized as

T\(s) Pi(s) Pi(s)
Ty(s) [FG)| Bys) [FAGK] By(s)
Ti(s) Pi(s) Py(s)
U(zs+l) 0 0 ki k2 kis || Pi(s)
=l 0 Wms+) 0 ko k ks || Ba(s) | @
0 0 /(s+1) || ks ks ki Pa(s)

Here the tilde (~) means a deviation variable. The dynamic equa-
tion for T, is

Tt =T,(t) + ki By () + k1aPa() + ko5 Py(0) + d(b) G)
It can be discretized as

Ti(k+1)=aT, (k)
+ (1= a)(ki Pi(k) + ko Pa(k) + ks Ps(k) +d(k +1) — (6)

where k means the k-th sampling and a=exp(—h/z), h=sampling
interval of 5 seconds.

At the start of the identification test, we set the deviation vari-
ables for temperature outputs and power inputs be zero. To reduce
the effect of d(t), the experimental test times are minimized. For
this, a sequential negative pulse with the size of s, a positive pulse
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Time
Fig. 2. Pulse input signals and their typical responses.
with the size of s, and a negative pulse with the size of s, are the

forcing inputs as shown in Fig. 2. The pulse durations are all two
sampling times. For the test inputs in Fig. 2, we have
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Here, d(t) is assumed linear (d(t)=d,+d,t) during the test.

By applying the nonlinear least squares method to Eq. (7), we
obtain ki, k,, k;;, and 7. Specifically, the time constant 7; is opti-
mized such that it minimizes the sum of squares for the linear least
squares fit of k;, k;», kis, d, and d,.

Similarly, applying the above nonlinear least squares method to
the responses of T, and T, for the same series of inputs, we can ob-
tain all the other parameters of Eq. (4). Fig. 3 shows responses for
this test. The wafer is heated to 500 °C with loosely tuned PI con-
trollers [13,16]. At 100 seconds, controllers are put in manual and
test signals are applied sequentially. In this simulation, small dynamic
drifts with a time constant of 80 seconds are added. The identified
linear model is given in Table 1.

550
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500 £ e - =
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Fig. 3. Identification test inputs and temperature responses for RTP.

A longer pulse width improves the identification accuracy of the
steady state gains, but it increases the identification times. Because
a first order dynamic system is identified, a more complicated input
sequence such as pseudo-random binary sequence is not needed.

ITERATIVE REFINEMENT

For controlling an RTP system described by Eq. (3), accurate
identification of matrix B is very important. When B is found accu-
rately, the system of Eq. (3) can be decoupled and the nonlinear first
order system without time delay can be controlled robustly. Lee et
al. [12] proposed an iterative identification method for ill-condi-
tioned processes where accurate identification of models is very
important, provided it converges. In this paper this iterative method
is applied to RTP. First, using the identified matrix in the previous
section, we decouple the RTP system. Finding the gain matrix of
the decoupled system, we update the gain matrix of RTP system
and repeat this decouple-update procedure.

Let the k-th identified gain matrix K, and decouple RTP by P
(s)=K,'Q(s) (Fig. 4). Then we have

T(s)=G(s)Ki' Q(s) ®

Applying the above test procedure, we obtain the multivariable steady
state gain matrix, K, between T and Q. A refined (k+1)-th gain ma-
trix of RTP becomes

K= KKk (9)

When the process is not ill-conditioned, two or three iterations are
sufficient. Fig. 5 shows responses of the second iteration test. Table 1
shows the refined gain matrix.

NONLINEAR MODEL AND CONTROL SYSTEM

In Eq. (2), coefficients for the term T, are

_A,-e?/a_ 27

. 1
K pVicr,  pzcp (10)

where z is the thickness of wafer. The coefficient «; is dependent
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Table 1. Results of the iterative identification

W. Cho et al.

Iteration no. 1 2
— — —1
Decoupler 100 0.4162 02806 0.0506
010 0.3484 0.3298 0.0761
_O 01 _0.3215 0.3157 0.1186_
K _ _ _ _
0.4162 0.2806 0.0506 0.4255 0.3066 0.0541
0.3484 0.3298 0.0761 0.3588 0.3925 0.0827
_0.3215 0.3157 0.1186_ _0.3150 0.3244 0.1202_
100*B, r 1 r 1
5.1427 3.4672 0.6252 5.0500 3.6388 0.6421
3.9590 3.7476 0.8647 3.9025 4.2690 0.8995
_4.8076 4.7209 1.7735_ _4.7744 49169 1.8218_
BB, i T r
0.78 0.34 -0.08 0.98 0.01 0.00
-0.54 193 -0.26 -0.09 1.07 -0.02
| -0.20 0.25 0.96 | | —0.04 0.01 1.00
RGA (BB - 1 r
0.90 0.11 -0.01 0.999 0.001 0.000
0.11 0.85 0.04 0.001 0.999 0.000
i -0.01 0.04 0.97 | | 0.000 0.000 1.000
T 8.0931 (8.1050%) 8.4258
8.8003 (8.8600%) 9.1942
6.6873 (6.8031%) 6.5977
*Exact values
Wafer 550
Q2 Ky P GEO-ADK | Temp[*C] E Ty
- 500 i T
: ; : }
2 | ewri-awkr —TL » 0, 1bo 1=
Fig. 4. Iterative identification procedure. S0~ "\l '
\ i h
. . . . P . || ! - — 1 e — |
on physical properties of the wafer. Here, instead of identifying it 400 | \ P, T
from experimental responses, its theoretical estimate is used. Lee et IJ /" [ TT— i
al. [14] used p=2330[kg/m’], z=6.75x10*[m], ¢,=748.38+0.1678T 1/ ri' : P;
[Ws/kgK], e7=0.6, and =5.67x10"[W/m’K"]. In this case, the % ; P 100 5
value xcis between 4.75x10™" and 5.03x10™" for Te[400 °C, 700 °C]. Time[sec]

When data in Dassu et al. [6] are used, it is between 3.91x10™" and
5.91x10™". Here we used a constant, £=5.00x10""[1/sK?], instead
of letting unknown parameters for a simpler identification [11]. The
RTP model becomes

T 311T1+KT? b, by, by | Py
T, |7~ a21T2+KT3 T by by by | P,

T, a5 T+ kT3 by by by | P

+d(), k=5.00x10™" (11

The nonlinear model of Eq. (12) can be linearized as

March, 2009

Fig. 5. Identification test inputs of the second iteration and tem-
perature responses for RTP.

T, (au+4xT)Ti | | by by by | P
Tz = (a21+4KT;)T2 +| by by by | P, (12)
"i"s (a5 +4xTHT, by by by | P

In the previous section we obtained a local linear model at 500 °C
as
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Fig. 6. Time constant estimates (Solid: exact, Dashed: estimate).

I I o |
1] | 3426571 1
O 0 Sioma
_TS(S) 0 0 1
I 6.5985+1

0.4255 0.3066 0.0541 || Pi(s)
0.3588 0.3925 0.0827 || Py(s) (13)
| 0.3150 0.3244 0.1202 || Py(s)

Hence we can obtain model parameters by matching Eq. (12) and
Eq. (13). They are

3.6170x107°T,+5.00x 107" T}
f(T)=| 3.4455% 10T, +5.00x 10" T?
45144x107°T;+5.00x 107" T}

5.0500x107 3.6388x107 0.6421x107
B=139025x107 4.2690x10> 0.8995x 10 (14)
4.7744x107 4.9169x107 1.8218x10°°

When a model is available, model-based control systems can be
designed. A simple analytic control system designed by the external
linearization method is tested here:

P(t)=P+B'(f(T)- aT+V(t)) 15)

where P is the initial value of P(t). Then the system becomes linear
and the transfer functions between T(s) and V(s) are all 1/(s+a).

Fig. 7. Decoupling control system with an antireset windup feature.

800 T ’ ’
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Fig. 8. Control system responses.

The PI controller can be used for this linearized system. Fig. 7 shows
this linearizing control system, and Fig. 8 shows its closed-loop re-
sponses. We can see that the proposed control system is compara-
ble with previous, more complicated control systems.

CONCLUSION

For the purpose of controller design, a very simple nonlinear model
which consists of diagonal nonlinear first-order dynamics and mul-
tivariable static gains can be used for RTP. For this simple nonlinear
model identification, it is very important to estimate the multivari-
able static gain matrix accurately. However, accurate estimation of
multivariable static gains is difficult because of drift and the time-
varying nonlinear dynamics. To reduce the effects of drift, test inputs
are selected to be short pulses. From these pulse responses, linear-
ized models are obtained. They are further improved by an itera-
tive identification method.

After the term due to radiation on the wafer is fixed, a nonlinear
model is constructed from the linearized models identified at a given
temperature level. Simple nonlinear control law can be designed by
using the nonlinear model.
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