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Abstract

This paper analyses control of RTP systems for

ramps with high ramp rates such as 250� C per

second. The limitations on bandwidth and accu-

racy for a feedback control system are considered.

It is shown that feedforward control can be used

in conjunction with feedback control to improve

the temperature uniformity of RTP systems for very

fast ramp rates.

1 Introduction

RTP is now becoming part of the mainstream semi-

conductor manufacturing technology after years of

being a niche technology. A typical fabrication

process may consist of 26 different steps of RTP

oxidation, annealing (RTA), nitridation and CVD.

Submicron critical dimensions place stringent de-

mands on thermal processing of wafers. In RTA,

both temperature ramp up and ramp down rates

are important. To minimize diffusion lengths, the

amount of time that the wafer is at the processing

temperature must be minimized and high tempera-
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ture ramp rates are desirable. For example, an RTA

ramp rate of 400� C/sec resulted in minimum junc-

tion depth [1].

However, from a control point of view, fast

ramping is a completely new challenge with prob-

lems that have not been encountered before: dy-

namic behavior — which did not play a role in

tracking ramps with low ramp rates — can seri-

ously limit the achievable performance when track-

ing ramps with high ramp rates. Important issues

you have to deal with are: overshoot, actuator sat-

uration, wafer temperature non-uniformity, and ro-

bustness against high-frequency modeling errors

and disturbances. This paper will address these is-

sues in order to explore the limitations of tracking

fast ramps.

In our earlier work [4,6], model-based feed-

back controllers were developed for a generic RTP

chamber without considering sensor disturbances

due to wafer rotation, which can be of consider-

able magnitude. This paper will address the design

of new feedback controllers that take these distur-

bances into account.

The outline of the paper is as follows. The

plant properties and the physical model are described

in Section 2. The control system specifications are
1



contained in Section 3. In Section 4, the phys-

ical limits of the system are established through

an open-loop analysis of the system. The control

problem is then analyzed, and a suitable controller

structure introduced in Section 5. New feedback

controller designs and the limits of feedback are

discussed in Section 6. The advantages of adding

feedforward control are discussed in Section 7 and

the concluding remarks appear in Section 8.

2 Plant Properties and Physical Model

The controller design in this paper is based on a

previously derived physical model of the generic

RTP system [2-8]. The generic RTP system ge-

ometry is shown in Figure 1, which is represen-

tative of commercial RTP systems. The system

consists of five independently powered lamps near
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Figure 1: Schematic of the Generic RTP Chamber.

the top wall that form axi-symmetric rings at radii

r1,. . . , r5. The walls of the chamber are highly re-

flective (95%) and water-cooled. A thick quartz

window (6.35 mm) and a thinner quartz shower-

head (1mm) transmit radiation from the hot lamps

at wavelengths shorter than approximately 4µm,

but are opaque to radiation at longer wavelength.

The silicon wafer and guard ring are heated by

this short wavelength lamp radiation. A physical

model of this nonlinear system was constructed that

predicts the dynamic temperature response. De-

tails of this model are described in Ebert et al. [2].

Due to the significance of thermal radiation as

a mechanism for transfer of energy in RTP sys-

tems and the large temperature range of operation,

the system’s behavior is highly nonlinear. In addi-

tion, these systems are multivariable having multi-

ple temperature sensors (outputs) and multiple lamp

groups for actuation (inputs). The generic RTP

system has five inputs and five outputs. Since the

individual channels are strongly coupled, it is re-

quired that the controller handles this appropriately,

and therefore must have a truly multivariable struc-

ture rather than controlling single loops.

An important property of rapid thermal pro-

cesses is the repetition of standard process runs,

with a fixed reference temperature trajectory. This

means that the controller can be fine-tuned towards

these references, rather than trying to achieve good

performance for a large class of references. The

temperature profiles are typically piecewise linear.

The dynamic range of an RTP system is fairly

large due to the large variation in thermal mass of

the various components. The lamp filaments are

the smallest elements, and hence the fastest. On

the other hand, a quartz window has a relatively

large thermal mass, and hence is relatively slow. It

is very difficult to predict the open-loop response

of an RTP chamber within a required accuracy of

about 1� C, which is one of the main reasons for

using closed-loop control.

All the feedback controllers presented here are

linear, and rely on a linear model that is derived

from the simplified nonlinear physical model of

the generic RTP chamber [2], denoted by:
8><
>:

ẋ = Arx
4+Acx+C1| {z }

f (x)

+B1u

y = h(x)
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By selecting a suitable linearization (operating) point

(xo;uo) a linear model can be found by computing:

A =
∂ f
∂x

����
xo

B = B1

C =
∂h
∂x

����
xo

resulting in the linear model:(
˙̃x = Ax̃+Bũ

ỹ = Cx̃
(1)

For notational simplicity the tildes will be dropped

in the sequel. An important issue in the lineariza-

tion is the selection of the linearization point (tem-

perature).

3 Control Problem Formulation

To be able to design temperature controllers that

achieve the desired wafer quality, it is important to

consider the performance specifications in terms

of temperature control quality. The temperature

control problem in an RTP system typically has

the following demands to ensure good and uniform

wafer properties:

1. Good steady-state tracking, better than 1� C,

preferably zero error;

2. Good wafer uniformity during ramp, with

little (only a few degrees Celsius) or no over-

shoot for temperature changes up to 600� C,

varying ramp rates (50� C/sec to 250� C/sec),

and setpoints up to 1100� C;

3. Insensitivity to sensor noise, process distur-

bance and variations, such as wafer-to-wafer

variations (e.g., variation in wafer emissiv-

ity), changes in temperature setpoints, etc.

These demands pose a serious challenge for the

controller design. In this paper the focus is on item

2 above. We wish to explore the maximum achiev-

able ramp rates while attempting to meet the other

performance specifications.

4 Physical Limits to Fast-Ramping

There are physical limits to the rate at which the

wafer can be heated based on chamber geometry,

physical properties of the components, and avail-

able lamp power. Consider the temperature rise

of the wafer induced by open-loop heating with

all lamp powers set to their maximum levels in-

stantaneously (i.e., step response). The results are

shown in Figure 2 for maximum lamp power of

65 kW. The plots show the temperatures of twenty-

one points on the wafer from the center to the outer

edge that are equally spaced along the radius. The

trajectories at higher temperatures are shown as

dashed lines because silicon melts at 1410� C, and

temperatures much higher than 1100� C are irrel-

evant. The lamps heat up in the first half-second,

when the wafer temperature increase is small. The

wafer temperature then rises to the process temper-

ature of 1100� C at ramp rates in the range 200–

325� C (see Figure 3). The simulation shows that

the maximum achievable ramp rate for this cham-

ber is�300� C/sec. As expected, the open-loop

temperature gradients are large, and the maximum

temperature difference between any two points on

the wafer was found to reach 65� C at about the

time the process temperature is reached.

5 Controller Structure and LQG Con-

trol Design

In our previous work [6], we proposed a suitable

controller structure as shown in Figure 4. We now

briefly review this structure. Thefeedforwardcon-

troller takes advantage of the known reference tem-

peratures to compute a suitable control signal that
3



Figure 2: Wafer temperature profile during heat-up

for lamp power of 65 kW. Each line corresponds to

a point on the wafer. The solid lines show trajecto-

ries up to process temperature.

Figure 3: Temperature ramp rates for twenty-one

points on the wafer. The solid lines show rates up

to process temperature of 1100� C.

Figure 4: Controller structure.

is injected in the closed-loop. Due to the straight-

forward structure of a feedforward controller, it can

be nonlinear and can be based directly on the non-

linear RTP model. An important practical consid-

eration is whether the reference is knowna pri-

ori to the feedforward controller, or if the refer-

ence is provided in real-time. The latter case is the

most common in practice, but the first option al-

lows a global optimization of the trajectory rather

than point-to-point optimal commands. It is as-

sumed here that the reference will be provided in

real-time.

The feedbackcontroller is based on a linear

design, as dynamic output feedback is required,

which is not adequately addressed by current non-

linear controller design methods. Its task is to ad-

dress any mismatch that arises from the limited

fidelity of the feedforward controller, and to deal

with the process disturbances.

The prefilter smoothes the temperature refer-

ence, which is piecewise linear and thereby has

discontinuities in the rate of change. If the “raw”

reference is tracked closely by the controller, it will

inevitably result in overshoot, because finite lamp

dynamics introduce delays between the feedback

signal and the actuator (i.e., the system is at least

second order). In addition, this reduces excessive

control action due to the sudden changes in rate.

In the following section the focus will be on

the feedback part of the RTP controller. Results on

4



the feedforward design will be considered later in

Section 7.

For feedback control design we use Linear Quadratic

Gaussian (LQG) control extended with Loop Trans-

fer Recovery (LTR). LQG-LTR is a standard con-

troller design method that has been successfully

applied to Multiple-Input Multiple-Output (MIMO)

RTP control problems, (see [6]).

The LQG controller structure for the generic

RTP system has been explained in [6]. The basis

for LQG control is a linear model of the RTP sys-

tem as represented by Equation 1. To be able to

enforce zero steady-state tracking error, this model

is augmented with integrators on the plant output,

such that the resulting model becomes:8>>><
>>>:

ż =

"
0 C

0 A

#
z+

"
0

B

#
ũ

y =
h

I 0
i

z

with z= [ξT xT]T. The design of an LQG con-

troller is separated into the design of the state feed-

back gainK, and the design of the estimator gain

L. The state feedback gain is found by minimizing

the quadratic cost function:

JK = 1=2
Z ∞

0

�
zTQz+uTRu

�
dt

where the symmetric positive-(semi-) definite ma-

trices Q and R are the key design parameters.R

is used to penalize the control effort, whereasQ is

used to penalize tracking error. The resulting gain

K can be partitioned according to:

K = [KI KP]

whereKI is the integral gain associated with the

integral statesξ, andKP with the plant statex. The

design of the estimator gain is similar, which is

found by minimizing:

JL = 1=2
Z ∞

0

�
zTRwz+yTRvy

�
dt

where the symmetric positive-definite matricesRw

and Rv are the design parameters. Typically,Rw

andRv are used to characterize the statistical prop-

erties of Gaussian noise at statez and outputy.

We used these parameters for LTR purposes,i.e.,

we tuned these parameters such that state feedback

performance was recovered at the plant input.

By including the integral states in the controller,

the control law now has the following structure

γ̇ = e

˙̂x = Ax̂+Bu+L(e� ê)

ê = Cx̂

u = �KIγ�KPx̂

wheree = r � y, with r the reference, such that

the resulting controller state-space realization be-

comes:8>>><
>>>:

q̇ =

"
0 0

�BKI A�LC�BKP

#
q+

"
I

L

#
e

u = �

h
KI KP

i
q

with q = [γT x̂T]T. Note that the resulting con-

troller is totally based on the errore, rather than

usingy for the estimator.

6 Performance Limits Using Feed-

back Only

The goal of the controller design in this paper is

to track ramps with high ramp rates. Currently,

typical ramp rates in RTP systems range from 25�

C/sec to 75� C/sec. In a previous paper we showed

good tracking control for a 50� C/sec ramp rate,

see [6]. Four different model-based feedback con-

trollers were designed (LQG, LQG with Implicit

Model-Following,H∞ and aµ-controller), all show-

ing good ramp tracking, fast settling, and less than

1� Celsius overshoot. The resulting performance
5



of the LQG controller as tested on the full non-

linear generic RTP model is presented in Figure

5. This figure shows the tracking response for a

50� C/sec ramp rate using feedback only; no pre-

filter or feedforward were used. The tracking per-

formance is good: the tracking error is small, the

overshoot is limited to 1� C, and hence settling is

achieved as soon as the response enters the band of

�1� C around the final temperature. Also, wafer

temperature non-uniformity is limited to approxi-

mately 3� C during ramp-up, which is acceptable.

The largest deviation in temperature uniformity oc-

curs at the wafer edge, which is difficult to control

because of the difference in thermal mass between

wafer and edge. The peak at 10 sec and the drop

at 20 sec are both due to the sudden change in the

reference ramp.

From a tracking point of view this controller is

good. However, it is likely to be sensitive to sen-

sor noise, disturbances, and/or model uncertainty

at high frequencies. To investigate this shortcom-

ing, consider a representative 2 Hz frequency pe-

riodic measurement disturbance induced by a 120

rpm wafer rotation. We modeled this disturbance

as a sinusoidal signal of frequency 2 Hz with ran-

dom phase, and amplitude linearly increasing from

1� C at the center temperature measurement to 5�

C at the edge measurement. Figure 6 shows the

tracking response using the same controller used

in Figure 5. Its performance is now very poor.

The superb tracking performance is overshadowed

by the effect of the periodic disturbance: larger

overshoot, no settling, and increased temperature

non-uniformity. The reason for this is the high

sensitivity of the power input to the disturbance

at frequency 2 Hz, which is displayed in Figure

6(d); the high controller gain at high frequencies,

which provided good tracking, also amplified the

measurement disturbance. Note that we displayed

the actual wafer temperature at a measured node

instead of themeasuredwafer temperature in or-

der to see how the disturbance affects the actual

wafer temperature, and in order to make the track-

ing properties more visible.

To decrease the controller sensitivity to mea-

surement disturbances, a frequency shaping filter

was added for LQG control design to improve high

frequency rolloff, especially at 2 Hz. Figure 7 shows

the same simulation as in Figure 6, but now with

the improved controller. Clearly, this controller is

much more insensitive to the 2 Hz measurement

disturbance. The good tracking properties shown

in Figure 5 are partly recovered. However, the

overshoot has increased to approximately 2� Cel-

sius, and consequently settling has increased. Also,

wafer temperature non-uniformity has become slightly

worse. However, for a 50� C/sec ramp rate, this

performance is acceptable according to the require-

ments in Section 3.

Figures 8 and 9 show the tracking response

with the same controller for ramp rates 150� C/sec and

250� C/sec, respectively. These figures show the

limits of fast-ramp tracking performance using feed-

back only: excessive overshoot, increased temper-

ature non-uniformity and no improvement in set-

tling result from increasing the ramp rate. Also,

lamp saturation occurs for ramp rates of 250� C/sec and

higher, which results in degradation of performance.

This poor performance seems to be a fundamental

limit of feedback control. To track a fast ramp, the

controller should have high gain at high frequen-

cies, which is in conflict with the requirement of

being insensitive to measurement disturbances.
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7 Performance Improvement Using

Feedforward Control

It is well-known that it is very difficult to inde-

pendently achieve both good tracking, disturbance

suppression, robustness to unmodeled dynamics,

and stabilization with a single-degree-of-freedom

(feedback) controller [9,10]. By adding afeedfor-

ward controller, as shown in Figure 4, advantage

is taken of thea priori known reference temper-

atures by computing a suitable control signal that

is injected in the closed-loop. Since we wish to

move the system from one operating point to an-

other along a specified trajectory, we can approxi-

mately determine the input that is required for this

movement. Consequently, we can apply this input

directly to the system instead of letting the feed-

back controller compute it based on the tracking

errore.

It is obvious that a fairly accurate system model

is required for computing the feedforward input

signal. As a matter of fact, the closer the (dy-

namic) model is to the actual system behavior, the

more accurate the computed input will be, lead-

ing to a smaller tracking error. Typically, dynamic

models are quite accurate at low frequencies and

uncertain at high frequencies because of the low

system gain at high frequencies, and because of

the limited bandwidth of the actuators and sensors,

i.e. the system does not provide much informa-

tion at high frequencies, and the provided infor-

mation is corrupted by measurements. The advan-

tage of feedforward is the fact that the frequency

range for which we have high-fidelity in the mod-

eled dynamics, is usually larger than the closed-

loop bandwidth attained with feedback control only.

The disadvantage of feedforward control is the fact

that its performance is worse compared to feed-

back control only, for those frequencies where model

uncertainty is too large. This is the reason why

feedforward control needs to be cut off after a cer-

tain frequency. This can be done effectively using

a prefilter as shown in Figure 4. Theoretically, the

prefilter and the feedforward filter can be merged

into one filter, but for implementation reasons it

makes sense to leave them as two separate filters.

This has to do with the signals which coming out

of the filters, and the place where these signals en-

ter the feedback loop, see [10].

In the control structure of Figure 4, the feedfor-

ward filter should approximate theinverse dynam-

ics of the RTP plant. We computed this inverse

for the high-order 116-state linear plant model and

used that as feedforward; inverting a low-order ap-

proximate plant model resulted in unstable feed-

forward filters because of the presence of non-minimum

phase transmission zeros in the low-order approx-

imation. The high-order inverse model can be suc-

cessfully reduced, if necessary, but we did not at-

tempt to do this for our simulations.

Figures 10 to 12 show the simulation results

for tracking ramps with rates 50� C/sec, 150� C/sec and

250� C/sec, respectively, for a controller including

feedback, feedforward and prefilter. The prefilter

consisted of a second-order lowpass filter for each

measured output channel. These figures show the

merits of using prefilter and feedforward. The pre-

filter suppresses the overshoot shown in Figures

7 to 9, but also delays the response, whereas the

feedforward speeds up the response. By exploit-

ing the full freedom in the controller design, we

are now able to achieve tight tracking, fast settling,

very little overshoot, and robustness against high

frequency model errors and measurement distur-

bances. Note that the increase in ramp rate results

in a corresponding faster settling.

It is interesting to investigate the effect of the pre-
7



filter on the actually achievedramp rates. Fig-

ure 13(a) and (b) show the actually achieved ramp

rates computed from differentiating the measured

outputs, without and with prefilter, respectively. The

effect of the prefilter is clearly seen in Figure 13(b):

instead of an instantaneous jump from zero to max-

imum ramp rate, the prefilter smoothes the discon-

tinuous reference profile. As a consequence, the

filtered reference trajectory never reaches the com-

manded maximum ramp rate, because the unfil-

tered reference ramp rate drops to zero before the

actual ramp rate reaches the commanded ramp rate.

As the ramp rate increases, this effect plays a more

dominant role, as can be seen from Figure 13(b).

Although the maximum commanded ramp rate is

never reached, the positive effect of the prefilter is

evident from Figures 10 to 12: the settling time

is fast, and there is very little overshoot. As a

matter of fact, the prefilter is a means to trade-off

overshootvsspeed of response. The faster the re-

sponse, the larger the overshoot, or stated differ-

ently: for a specific allowed amount of overshoot,

the prefilter can be tuned to maximize speed of re-

sponse.

8 Conclusions

In this paper, we have addressed the performance

limitations of RTP systems in tracking high ramp

rates. Model-based LQG feedback controllers were

derived for temperature tracking and (periodic) dis-

turbance rejection. It was shown that feedback con-

trol has a fundamental limitation in tracking fast

ramps: to track a fast ramp, the controller should

have high gain at high frequencies, which is in

conflict with the requirement of being insensitive

to high-frequency measurement disturbances and

modeling errors.

It was shown that a combination of feedfor-

ward and feedback control design allows tracking

of fast ramps with fast speed of response and good

temperature uniformity, while providing robustness

against unmodeled dynamics and disturbances. To

successfully implement feedforward control, use

was made of a prefilter that cuts off the high-frequency

content of the reference ramp trajectory. In fact,

the prefilter is a means of trading off overshoot

vs speed of response. For a specified overshoot,

the prefilter can be tuned to maximize speed of re-

sponse.
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Figure 5: Simulated tracking response LQG controller for ramp rate 50o C/sec; (a) reference rampr and measured
wafer temperaturey; (b) tracking errore

:

= r�y; (c) wafer temperature non-uniformity for 21 nodes on wafer; each
line represents the distance from the average wafer temperature; (d) power inputu to RTP system, normalized to 1,
i.e. uequals 1 represents the maximum power of 65kW.

Figure 6: Simulated tracking response LQG controller for ramp rate 50o C/sec with 2 Hz periodic disturbance added
to the measurements; see Figure 5 for an explanation of (a)� � �(d).
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Figure 7: Simulated tracking response for controller with improved high frequency rolloff for ramp rate 50o

C/sec with 2 Hz periodic disturbance added to the measurements; see Figure 5 for an explanation of (a)� � �(d).

Figure 8: Simulated tracking response for controller with improved high frequency rolloff for ramp rate 150o

C/sec with 2 Hz periodic disturbance added to the measurements; see Figure 5 for an explanation of (a)� � �(d).
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Figure 9: Simulated tracking response for controller with improved high frequency rolloff for ramp rate 250o

C/sec with 2 Hz periodic disturbance added to the measurements; see Figure 5 for an explanation of (a)� � �(d).

Figure 10: Simulated tracking response for controller including feedback, feedforward and prefilter for ramp rate
50o C/sec; see Figure 5 for an explanation of (a)� � �(d).
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Figure 11: Simulated tracking response for controller including feedback, feedforward and prefilter for ramp rate
150o C/sec; see Figure 5 for an explanation of (a)� � �(d).

Figure 12: Simulated tracking response for controller including feedback, feedforward and prefilter for ramp rate
250o C/sec; see Figure 5 for an explanation of (a)� � �(d).
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Figure 13: (a)Actual ramp rates for center outputs for different ramp rates using feedback only. (b) Actual ramp
rates for center outputs for different ramp rates using feedback, feedforward, and prefilter.
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