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Abstract

Rapid thermal processing (RTP) of semiconductor
wafers involves processing single wafers in small reac-
tion chambers. Powerful lamp arrays are used to heat
wafers quickly. The nature of RTP makes control of
wafer temperature a difficult problem; ensuring neatr-
uniform temperature across the wafer is critical.

After a brief introduction to RTP and the RTP tem-
perature control problem, this paper presents a movel
approach to the analysis of candidate sensor configura-
tions for multi-actuator, multi-sensor feedback control
systems needed to ensure small temperature error in the
face of substantial disturbances.

1 Introduction

1.1 Rapid Thermal Processing

In rapid thermal processing (RTP) of semiconductor
wafers, single wafers are heated, processed, and cooled
in small reaction chambers. RTP is a promising new
technology for a wide variety of integrated circuit (IC)
fabrication steps, including cleaning, annealing, oxida-
tion, nitridation, chemical vapor deposition and others
i1, 2, 3.

Heat treatment of wafers in current mainstream IC
processing is achieved by means of large, hot-wall ovens
in which many wafers are processed simultaneously.
Processing times for wafer batches range from tens of
minutes to many hours for a single process step; speed
is limited by the large thermal masses of the oven walls.

In RTP, only the relatively small thermal mass of the
wafer itself is heated to and cooled from processing tem-
perature; the walls of the reaction chamber are water-
cooled and remain at room temperature. Consequently,
process steps may require only tens of seconds for com-
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Figure 1: Cross-section of a generic RTP system. Not
shown in the diagram: gas inlets and outlets; quartz
pins to support the wafer.

pletion. A diagram of a generic RTP system is given in
Figure 1. The wafer is heated by visible and infrared
radiation supplied by a powerful lamp or lamp array,
which is separated from the chamber by a transparent
window. Wafer processing temperatures may be as high
as 1200°C. Power requirements for the lamp array are
typically several tens of kW; the exact power require-
ments are determined by wafer size, chamber geometry,
and process specifications.

During heat treatment of wafers, dopant ions will
undesirably diffuse from their intended locations into
neighboring regions; problems caused by this diffusion
become more acute as circuit feature size shrinks. The
main advantage of RTP over batch heating, then, from
a processing point of view, is the shorter time spent by
the wafer at high temperature in RTP. From a manu-
facturing viewpoint, RTP has the additional advantage
that it fits naturally into multiprocessing or cluster-tool
systems which promise to provide IC fabrication lines
that are smaller, more flexible, and less expensive than
current IC fabs [4].

1.2 Temperature Control in RTP

A major impediment to acceptance of RTP in main-
stream IC fabrication is the current lack of adequate
control of wafer temperature during processing. There
are two main (and related) requirements for RTP wafer




temperature control: (1) the wafer temperature must
closely follow a pre-specified process trajectory and (2)
the spatial temperature variation over the wafer must
be small at all times. The former requirement must be
met to ensure wafer-to-walfer process repeatability; the
latter must be satisfied to ensure both that processing
is uniform across the wafer surface and that defects due
to thermal stress are not created in the wafer.

Because in RTP the wafer is very far from being in
thermal equilibrium with its surroundings, the problem
of temperature nonuniformity over the wafer is much
more acute in RTP than in hot-wall oven processing.
Heat conduction within the wafer is much too small to
equaiize temperature across the wafer, so it is critical to
ensure that at all times during the RTP process cycle
the spatial distribution over the wafer of incident ra-
diative energy closely matches the distribution required
for perfect trajectory following. The ideal distribution
of incident flux over the wafer varies substantially with
wafer temperature, the rate of temperature change and
process gas composition and pressure. Failure to prop-
erly distribute radiative energy over the wafer surface
can result in temperature differences across the wafer of
over 50°C; such temperature differences during process-
ing will render a wafer useless. Exact requirements for
uniformity depend on the particular process, but typ-
ical bounds on uniformity range from +1°C to +5°C.
This problem of spatial temperature nonuniformity has
been widely studied and is explained well in more than
one paper (2, 5, 6].

1.3 Temperature Control Actuators

With most currently available RTP systems it is impos-
sible to achieve the wafer temperature uniformity that
IC fabrication processes require. From a control engi-
neer’s perspective this failure can be regarded as the
consequence of poor actuator selection. Most RTP sys-
tems have a single wafer temperature control actuator
— one big lamp or an array of lamps with a single lamp
power controller — and with this single actuator the tra-
Jectory of a distributed state must be controlled. Use of
a lamp array with multiple, independently-controlled
lamp zones to provide a dynamically adjustable flux
pattern over the wafer has been proposed, analysed, and
experimentally studied by the authors and colleagues
[7, 8, 9, 10, 11]. It has been shown that some such
multiple-actuator arrangements can deliver satisfacto-
rily small temperature nonuniformity over a wide range
of process conditions during both steady-state hold and
fast transients.

1.4 Temperature Sensors

Temperature measurements at various points on the
wafer during RTP are necessary for identification of sys-
temn parameters and for feedback control of the temper-
ature profile. At the time of writing, accurate multi-
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point temperature sensing methods for generic use in
RTP have not been publicly demonstrated. Wafer tem-
perature measurement is difficult because sensors placed
near the wafer will contaminate the wafer and/or be
destroyed by the harsh environment of the processing
chamber.

The most popular approach to temperature sensing
is the use of one or more pyrometers located outside
the chamber. The most serious problem with pyrome-
try is the fact that the emissivity of the wafer surface
will change from one wafer to the next and, more se-
riously, may change drastically during processing of a
single wafer. See [1] for a survey of proposed tempera-
ture measurement techniques.

For RTP temperature control system experiments it
is possible to use special wafers to which thermocou-
ples have been attached as temperature sensors. Such
wafers may be used only in when the chamber contains
a vacuum or an inert gas such as pure nitrogen. Because
of cost and contamination problems thermocouples can
not be attached to wafers that are actually being pro-
cessed.

It is assumed here that accurate measurements of
walfer temperature at discrete points will be available in
the future, so that it is valuable to investigate the prob-
lem of how best to use these measurementis for feedback
control.

2 RTP Temperature Dynamics

This section presents a brief summary of the thermal
model used in this and other work by the authors on
RTP temperature control system analysis. The mod-
eling approach taken here is an extension of that used
in [5]. A complete description of the model along with
many references to work on RTP system thermal mod-
eling can be found in [8].

We consider here RTP systems in which the reaction
chamber and lamp array are effectively axisymmetric
and coaxial with the wafer. A cylindrical coordinate
system is used with the z-axis coincident with the wafer
axis. Due to symmetry, the temperature at a point
(r,8, z) within the wafer will be depend only on » and
2. The small temperature variation through the thick-
ness of the wafer can be neglected, meaning that spa-
tially the temperature depends only on radial position
r. The wafer temperature dynamics can thus be mod-
eled using a system of first-order ordinary differential
equations (ODE's); the state of this system is a vector
of temperatures over a grid of radial positions.

In the model, the modes of heat flow into and out
of a wafer element are: radiative loss proportional to
the fourth power of the absolute temperature of the el-
ement and to the exposed surface area of the element;
convective loss proportional to the difference between
the element temperature and the ambient gas temper-
ature and to the exposed surface area of the element;




heat conduction to neighboring elements; and absorp-
- tion of lamp radiation and wafer radiation reflected by
chamber walls.

Let T(t) denote the I x 1 vector of temperatures at
time ¢ over the grid of radial positions. The system of
ODE’s relating T(t) to the J x 1 vector of lamp power
settings P(¢) can be written as

T(t) = C(T)~ ((TEH +LP®) (1)

where the i,i-entry of the I x I diagonal matrix C(T)
is m;Cp(T;), the heat capacity of wafer element i; m;
is the mass of element i; and Cp is the specific heat of
silicon as a function of temperature. The smooth, non-
linear function f gives the net heat flux into each wafer
element due to radiative and convective loss from the
wafer surface, radial heat conduction within the wafer,
and radiation emitted by the wafer and reflected back
to the wafer. The product LP(t), where L isan I x J
matrix, represents heat flux into the wafer due to the
lamps; the implicit assumption of linearity is valid if
the total reflectivities and emissivities of the chamber
and wafer surfaces are close to constant with respect to
temperature and wavelength; this is often a reasonable
approximation for RTP of Si with the wafer tempera-
ture over 600°C. Let P™® and P™2* denote the vectors
of minimum and maximum values for the lamp powers;
physics dictates that all of the entries of P™" will be
nonnegative.

3 Feedback/Feedforward
Temperature Control

Open-loop wafer temperature control in RTP can be de-
signed using a thermal model or by trial and error with a
test wafer with embedded thermocouples. Methods for
using a thermal model to design lamp power trajectories
for wafer temperature tracking with small spatial tem-
perature nonuniformities are presented and discussed in
[8] and [9]; in particular, these papers present methods
for minimizing worst-case temperature error across the
wafer in steady-state and across the wafer and over time
during during transients. Results of successful experi-
ments using trial and error to design lamp power trajec-
tories for open-loop wafer temperature control can be
found in [10].

However, it is unlikely that in practical applications
an RTP system will be so free of disturbances that
purely open-loop control schemes will work well. Feed-
back from temperature sensors must be used to ensure
small temperature errors in the face of substantial dis-
turbances and/or model errors.

Figure 2 is a block diagram of an RTP temperature
control scheme that incorporates both open-loop tran-
sient control and feedback control. The lamp power
signal vector sent to the lamp power supplies is the sum
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Figure 2: Feedback added to system for disturbance
rejection.

of POL| the lamp power signal vector generated by the
open-loop controller, and PFB, the lamp power signal
vector generated by the error controller. The intended
effect of adding the error controller is to nearly eliminate
the drift of the wafer temperature profile away from 77
that would probably occur if open-loop control only was
used.

Information about the wafer temperature profile in-
creases with the number of sensors until there are
enough sensors to infer the exact profile; because sen-
sors may be expensive, determination of the relation be-
tween the number and locations of sensors and achiev-
able system performance is worth the effort.

4 Limits of Performance for
Sensor Configurations

In this section a method is presented for numerically de-
termining the best static disturbance rejection achiev-
able in an RTP system with any linear error controller,
given a particular sensor configuration — by sensor con-
figuration we mean a list of radial positions on the wafer
at which temperature is being measured. Two main as-
sumptions are made: the most significant disturbances
are at such low frequencies that they can be taken
as constant in time; the goal in disturbance rejection
should be to minimize the worst error in temperature
over all radial positions on the wafer.

4.1 Problem Formulation

Figure 3 is a block diagram showing the framework used
here for error controller performance analysis. Discus-
sion of this framework and explanation of its use along
with Q-parametrization and convex optimization for de-
termining limits of performance for linear control sys-
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Figure 3: Model linearized about a nominal wafer tem-
perature,

tems can be found in [12] or [13].

The system P is a linearization of the model (1)
in Section 2 about a reference temperature 77
For convenience let T™ denote the I x 1 vector
T 1 1 ]T. The state z of the system- P is the
vector of deviations from T, that is, z = T — T

Waist ]
Weh
of a vector waig of disturbances and a vector 1w, of
sensor biases, and the actuator input u is the vector of

The exogenous input w is the concatenation [

corrections made by the error controller to the vector-

of feedforward-generated lamp power commands. The
state equation 1s

oT

where C, f and L are as in (1) and where each column
of the matrix M is a different distribution of power in
Watts to the wafer elements. The matrix M is selected
to match anticipated system disturbances.

The regulated output z is identical to z. The sensed
output y is a vector of measurements of temperature
error at some radial positions. If the radial grid is
fine enough then these measurements at radial positions
might as well correspond to measurements of wafer el-
ement temperatures. Let Ciens be the matrix formed
from the [ x I identity matrix by selecting rows cor-
responding to elements whose temperatures are being
measured. The measurement is assumed to be cor-
rupted only by a vector of small sensor biases; the
largest possible absolute value of a sensor bias in °C is
the scalar 8. So the output equations for the linearized
system are

= C(T"ef)—l (_ai(rrref)z + Lu+ deilt) ' (2)

zZ = T
Y = Coenst +buy,. (3)

Let P.u(5), P;u(s), Pyw(8), and Pyyu(s) be the open-
loop transfer matrices between pairs of input and output

vectors — these matrices can be determined from the
above state and output equations — and let H,,(s) be
the closed-loop transfer matrix from z to w. For our
RTP model, all of the open-loop transfer matrices are
stable, 8o the set of stable closed-loop transfer matrices
achievable with a linear controller K(8) can be written
as

{Peu(s) + Pru(8)Q(8)Pyu(s) | Q(s) is stable} ;  (4)
the set of achievable DC values of H,,, is then

{Pew(0) + Pu{0)Q(0)Pyu (0) | Q(0) € R***"v}, (5)

where n, and n, are the numbers of actuators and sen-
8OIS.

If the columns of M in the model (2) are scaled ap-
propriately, we may assume that each component of the
vector w lies in the interval [~1,1]. Then the quan-
tity ||H:w(0)|l..;, the infinity-induced (max-row-sum)
norm of H.,(0) is the largest possible absolute value
of steady-state temperature error when w is constant.
The parametrization (5) allows us to pose the problem
of minimizing ||H.y (0)|l..; as a finite-dimensional con-
vex optimization problem whose variables are the en-
tries of the matrix Q(0) and which can be easily solved
by computer,

If there is concern that the error controller might
cause one or more actuators to saturate, the vector of
regulated inputs can be expanded to include the actua-
tor signals. A new convex optimization problem can be
formulated and solved: that of minimizing worst-case
temperature error subject to bounds on the worst-case
values of the signals in u.

4.2 Example

The problem formulation outlined above was applied to
a model of a fictitious RTP system described fully and
referred to as System S in [8]. A schematic diagram of
this system is shown in Figure 4. The lamp array con-
sists of a flat gray ceiling into which three ideal black-
bodies have been set; the temperatures of the black-
bodies are assumed to be independently manipulated
by the actuator signals. The temperature setpoint 77
was chosen to be 1100°C and the gas environment was
taken to be nitrogen at 1 atm at a low flow rate.

The vector wq;s; Was taken to be 6 x 1. The columns
of the matrix M were selected as listed in Table 1. The
first three columns are chosen to represent the largest
possible expected differences between actual distribu-
tions of wafer heat loss through three different modes
and the corresponding distributions predicted by the
nonlinear RTP system model. For example, the third
column of M is one-half of the model-predicted vector
of convective heat fluxes from wafer elements when the
wafer is at 1100°C. Columns four through six account
for the possibility that the actual power radiated by a
lamp zone may be as much as 5% smaller or larger than
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Figure 4: Idealized RTP system used for example. (Ap-
proximately to scale. Wafer diameter is 100 mm.)

its nominal value. The disturbance distributions were -

chosen to be close in size and shape to those expected
in actual RTP systems. The value of b was chosen to be
0.1°C, to match the error in the best wafer temperature
measurement scheme that can reasonably be hoped for.

Table 2 shows the minimal values of ||H.u(0)],;
achievable for selected sensor configurations with the
models given above for the system and disturbances.
.Worst-case actuator levels were not constrained but
those resulting from unconstrained optimization were
observed to be acceptable. Inspection of the table re-
veals that performance varies considerably both with
number of sensors and with sensor positions. The data
in the table suggests the following conclusions, which
are supported by exhaustive study:

e Optimal performance with the best two-sensor con-
figuration is much better than that achievable with
any single-sensor configuration, but only 50% worse
than performance with best three-sensor arrange-
ment.

¢ The best three-sensor configuration is essentially as
good as any configuration with four or more sen-
SOrs.

¢ The performance with multi-sensor configurations
is very sensitive to the location of the sensor nearest
the edge and much less sensitive to the locations of
the other sensors.

Table 1: Columns of the disturbance power distribution
matrix M for the example problem.

column | distribution of power to scale
index wafer elements factor
1 modeled radiative loss from 0.2
wafer edge at 1100°C
2 modeled radiative loss from 0.1
wafer bottom surface at
1100°C
3 modeled convective losses 0.5

from wafer top, bottom,
and edge surfaces at 1100°C
4 distribution of power from 0.05
lamp 1 used for
steady-state hold at 1100°C
5 distribution of power from 0.05
lamp 2 used for
steady-state hold at 1100°C
6 distribution of power from 0.05
lamp 3 used for
steady-state hold at 1100°C

Table 2: Results for example problem: Optimal DC
disturbance rejection for various sensor configurations.
Sensor positions are given as fractions of R, the wafer
radius. Optimal 1-, 2-, and 3-sensor configurations are
marked with asterisks.

sensor minimal ||H;w(0)|] o
configuration

0.10R 14.1°C

* 0.84R 7.0°C
0.96R 10.9°C

* 0.47R, 0.96R 1.5°C
0.10R, 0.96R 2.0°C
0.10R, 0.84R 4.0°C
0.10R, 0.53R 9.9°C

* 0.28R, 0.78R, 0.96R 0.98°C
0.28R, 0.78R, 0.92R 1.6°C
0.10R, 0.78R, 0.96R - 1.02°C
0.10R, 0.47R, 0.78R 4.4°C
many 6-sensor always > 0.96°C
configurations




4.3 Practical App]ications

Suppose a control system designer is given an RTP sys-
" tem, a good model for likely disturbances, and a good
estimate of the DC gain matrix from small changes in
lamp settings to changes in the wafer temperature. The
designer can use the technique outlined above to apply
to a candidate sensor configuration the following test:
With this sensor configuration, is thete any linear error
controller that can be designed to meet the DC distus-
bance rejection specifications? This test can be used to
immediately rule out many candidates. If the test is
failed by sensor configurations that accurately measure
the entire wafer temperature profile, the designer can
conclude that the actuator configuration is inadequate.

Once the designer has chosen a sensor configuration
that is adequate in the sense that with it DC distur-
bance rejection specifications can be met, she or he must
come up with an error controller design with acceptable
static and dynamic performance. To measure the static
performance obtained with the designer’s controller, it
can be compared with the optimal static performance
for the chosen sensor configuration.

Determining the optimal Q(0) could also be a step
in a method of error controller synthesis. One pos-
sible method involves the modification of estimated-
state-feedback controllers to achieve optimal static per-
formance; another involves designing multivariabie PID
controllers with an equality contraint on H,,,(0).

5 Summary

An introduction was given to the problem of wafer tem-
perature control in rapid thermal processing (RTP) of
semiconductor wafers. A method was presented to find
the best possible static disturbance rejection perfor-
mance achievable with any linear feedback controller
using a given temperature sensor configuration. The
method allows minimization of worst-case temperature
error — a quantity of direct engineering importance
— in response to disturbances described by a realistic
model. An example RTP system was analyzed; results
obtained with the example suggest that when feedback
control of temperature error is implemented, overall sys-
tem performance will depend critically on sensor con-
figuration.
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