CRC PRESS-EDP DEPT.

487+594+3625 P.p21z

73

Control for Advanced Semiconductor Device
Manufacturing: A Case History

73.1 Imtroduction ... i e 471
T. Kailath, C. Schaper, Y. Cho, P. CM’ 73.2 Modeling and Simul'ation ............................................ 474
S. Norman, P. Park, S. Boyd, G. Fr in, apd 733 Performance Analysis......oovviviiiiiiiniiiiiiniaie e 475
K. Saraswat 73.4 Models for Contral ... coivviuiviiiiiiinini i 476
Liepartment of Eloctrical Bnginecring, $tanfard University. 73.5 Control Design .....c.oovvrrineiiciiiiiiiii e 480
Stanford, CA 73,6 Proof-of-Coneept Testing ...o.vvveeee i, 481
M. Moslehi and C. Davis 73,7 Technology Transfer to Industry...............ooiivien i, 483
Semiconductor Process and Des/gn Centex, Texas Instraments, 73+8  CORCMISIONS . .1 oovvvniiiiiis e e 484
Dallas, TX References........ P 487

73.1 Introduction

Capital ! casts for ncw integrated circuit (IC) fabrication lines are
growing even more rapidly than had been expected even quite
recently. Figure 73.1 was prepared in 1992, but a new Mitsubishi
factory in Shoji, Japan, is rcported to have cost $3 billion. Few
companics can afford imvestments on this scale (and those that
can perhaps prefer it that way). Moreover these factories arc
inflexible, New cquipment and new standards, which account .
for roughly 3/4 of the total cost, are needed each tirne the device
feature size is reduced, which has been happening about every 3
years, It takes about six years to bring a new technology on line.
The very high development costs, the high operational costs {e.g.,
equipment down time is cxtremely expennve 0 maintenance is
donc on u regular schedule, whether it is needed or not), and
the intense price competition compel a focus on high-volume
low cost commodity lines, ¢specially memories. Low valume,
high product mix ASIC (application-specific integrated circuit)
production doss not fit well within the current manufacturing
scenario.

In 1985, the Advanced Projects Research Agency(ARPA), Air
Force Qffice of Scientific Research(AFOSR), and Texas Instru-
ments (TT) joined in a $150 million cost-shared program called
MMST (Microelectronics Manufacturing Science and Technol-
ogy) to “establish and demonstrate (new) concepts for semi-
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Figure 73.1  Capital cost for a new IC factory, (Source: Texas Instru-
ments Technical Journal, 9(5), 8, 1992.)

conductor device manufacture which will permit flexible, cost-
effective manufacturing of application-specific logic integrated
circuits in relatively low volume ... during the mid 1990s and
beyond”,

The approach taken by MMST was to seek fast cycle time by
performingall singlc-wafer processing nsing highly instrumented
flexible equipment with advanced process controls. The goal of
the equipment design and operation was to quickly adapt the
cquipment trajectorics to a wide variety of processing specifi-
cations and to quickly reduce the effects of manufacturing dis-
turbances associated with small lot sizes (e.g., 1, 3 or 24 wafers)
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without the nced for pilot wafers. Many other novel features
were associated with MMST including a factory wide CIM {(com-
puter integrated manufacturing) computer system. The imme-
diate target was a 1000-wafer demonstraton (including demon-
stration of “bullet waters” with three.day cycle tmes) of an all
single-wafer factory by May 1993,

In order to achieve the MMST objectives, a flexible manufac-
turing tool was needed for the thermal processing steps associ-
ated with IC manufacturing. For a typical CMOS process flow,
more than 15 differcnt thermal processing steps are used, inclod-
ing chemical vapor deposition (CVD), annealing, and oxidation.
‘The MMST program decided to investigate the usc of Rapid Ther-
mal Processing (RTP) tools to achieve these objectives.

TI awarded Professor K. Saraswat of Stanford’s Center for In-
tegrated Systems (CIS) a subcontract to study various aspects of
RTP. About a year later, a group of us at Stanford’s Informaticn
Systems Laboratory got involved in this project. Manufactur-
ing was much it the news at that time, Professor L. Auslander,
newly arrived at ARPA’s Material Science Office, soon came to
feel that the ideas and techniques of control, optimization, and
signal processing needed to be more widely used in materials
manufacturing and processing. He suggested that we explore
these possibilities, and after some investigation, we decided to
work with CIS on the problems of RTP,

RTP had been ini the air for more than a decade, but for various
reasons, its study was still in a research laboratory phase. Though
there were several small companies making cquipment for RTP,
the technology still suffered from various limitations. One of
these was an inability to achicve adequate temperature uniformity
across the wafer during the rapid heating (e.g., 20°C to 1100°C
in 20 seconds), hold (e.g., ar 1100°C for 1-5 minutes), and rapid
cooling phases.

This chapter is a case history of how we successfully tack-
led this problem, using the particular “systems-way-of-thinking”
very familiar to control engineers, but seemingly not known
or used in semiconductor manufacturing. I a littlc over two
years, we started with simple idealized mathematical modc!s and
ended with dcployment of a control system during the May, 1993,
MMST demonstration. The system was applicd to cight different
RTP machines conducting thirteen different thermal operations,
over a temperature range of 450°C to 1100°C and pressures rang-
ing from 102 to 1 atmosphere.

Our first step was to analyze the performance of available com-
mercial ¢quipment. Generally, a bank of linear lamps was used
to heat the wafer (see Figure 73.2).

The conventional wisdom was that a uniform energy flux to
the wafer was needed to achieve uniform wafer temperature dis-
tribution. However, experimentally it had been seen that this
still resulted in substantial temperature nonuniformitics, which
led to crystal slip and misprocessing. To improve performance,
various heuristic strategies were used by the equipment manv-
facturers, e.g., modification of the reactor through the addition
of guard rings ncar the wafer edge to reflect more energy to the
edge, modification of the lamp design by using multiple lamps
with a fixed power ratio, and various types of reflector geome-
tries. However, thesc modifications turned out to be satisfactory
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Figure 73.2  RTP lamp configurations: (a) bank of linear lamps,
(b} single arc lamp, (c) two-zone lamp syray.

only for a narrow rangc of conditions.

The systems methodology suggests methods attempting to de-
termine the performance limitations of RT'P systems. To do this,
we proceeded to develop a simple mathematical model, based
on energy transfer relations that had been described in the lit-
erature. Computer sitnulxtions with this model indicated that
conventiona! approachcs trying to achieve uniform flux across
the wafer would never work; there was always going to be alarge
temperature roll-off at the wafer cdge (Figure 73.3). To improve
performance, we decided to study the case where circularly sym-
metric rings of lamps were uscd to heat the wafer. With this
configuration, two cases were considered: (1) a single power
supply in a fixed power ratio, a strategy being used in the field
and (2) independently controllable multiple power supplies (one
for each ring of lamps). Both steady-state and dynamic studies
indicated that it was necessary 1o use the (second) multivariable
configuration to achicve wafer temperature uniformity within
specifications. These modeling and analysis results are described
in Scctions 73.2 and 73.3, respectively.

The sunulation results were presented to Texas Instruments,
which had developed prototype KTP equipment for the MMST
program with twe concentric lamp zoncs, but operated in a scalar
control inode using a fixed ratio between the two lamp zones. At
our request, Texas Instruments modified the two zone lamp by
adding a third zone and providing separate power supplies for
cach zone, allowing for multivariable control. The process en-
gincers in the Center for Integrated Systems (CIS) at Stanford
then evaluated the poteatial of multivariable control by their
maditional so called “hand-tuning” methodology, which con-
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Figure 733  Nununiformity in temperature induced by uniform cn-
ergy flux impinging on the wafer top surfacc {center temperatures - solid
line: 600”C; dashed line: 1000°C; dotted ling: 1150°C.). Ris the radins
of the wafer, r is the radial distance from the center of the wafer.

sists of having experienced operators determining the settings of
the three lamp powers by manual iterative adjustment based on
the results of test wafers, Good results were achieved (see Fig-
ure 73.4), but it took 7=8 hours and a large number of wafers
before the procedure converged. Of course, it had to be repeated
the next day because of unavoidable changes in the ambicnt con-
ditions or vperating conditions. Clearly, an “automatic® control
strategy was required.

However, the physics-based equations used to simulate the
RTP were much too detailed and contained far too many uncer-
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Figute73.4 Temperature nonuniformity when the powers to thelamp
were manually adjusted (“hand-tuning”™). These nonuniformities cor-
respond fo a ramp and hold from nearly room tempersture tw 600°C
at ronghly 40°C/s. The upper cwrve (-0-) corresponds to scalar cons
trol (fixed power ratio to lamps). The lower curve (x-x) corresponds to
multivariable control
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tain parameters for control design. The two main characteristics
of the simulation model were (1) the relationship between the
heating zoncs and the wafer temperature distribution and (2)
the nonlinearities {7 *) of radiant heat transfer. Two approaches
were used to obtain a reduced-order model. The first used the
physical relations as a basis in deriving alower-order approximate
form. The resulting model captured the important aspeets of the
interactions and the nonlincarities, but had a simpler structure
and fewer unknown parameters. The sccond approach viewed
the RTP systern as a black box. A novel modc] identification pro-
cedure was developed and applied to obtain a statc-space model
of the RTP system. In addition to identifying the dynamics of
the process, these models were also studied to assess potential
difficuldes in performance and control design. For example, the
raodels demanstrated that the system gain and time constants
changed by a factor of 10 over the temperature range of interest.
Also, the models were used to improve the condition number of
the equipment via a change in reflector design. The development
of control models is described in Section 73 4.

Using these models, a varicty of control strategies was cvalu-
ated The fundamental stratcgy was to use feedforward in com-
binatiun with feedback control. Feedforward control was used to
get close to the desired trajectory and feedback control was used
to compensate for inevitable tracking errors. A feedback con-
troller based on the Internal Model Control (IMC) design proce-
dures was developed using the low-order physics-based model.
An LQG feedback controller was developed using the black-box
model. Gain scheduling was used to compensate for the non-
lincaritics. Optimization procedures werc used to design the
feedforward controller. Controller design is described in Sec-
tion 73.5.

Our next step was to test the controller experimentally on
the Stanford RTP system. After using step response and PRBS
(Pseudo Random Binary Sequence) data to identify models of
the process, the controllers were used to ramp up the wafer
emperature from 20°C to 900°C at approximately 45°C/s, fol-
lowed by a hald for 5 minutes at $00°C. For these experiments,
the wafer temperature distribution was sensed by three thermo-
coupies bonded to the wafer. The temperature nonuniformity
prescat during the ramp was less than +5°C from 400°C to the
processing temperature and better than 40.5"C on average dur-
ing the hold, These proof-of-concept experiments are described
in Section 73.6.

These results were presented to Texas Instruments, who were
preparing their RTP systems for a 1000 wafer demonstration of
the MMST concept. After upper level management review, it was
decided that the Stanford temperature control systerm would be
integrated within their RTP equipment. The technology transfer
involved installing and testing thc controller on eight different
RTP machines conducting thirteen different thermal operations
used in two full-flow 0.35 zm CMOS process technologies (sec
Figure 73.5 taken from an article appearing in a semiconductor
manufacturing trade journal), More discussion concerning the
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Figure 73.5
technology transfer and results of the MMST demonstration is

given in Section 73.7. Finally, some overview remarks are offered
in Section 73.8.

73.2 Modeling and Simulation

Three alternative lamp configarations for rapidly hearing a semi-
conductor wafer are shown in Figure 73.2. In PFigure 73.2(a),
linear lamps are arranged above and below the wafer. A single
arc lamp is shown in Figure 73.2(b). Concentric rings of single
bulbs are presented in Pigure 73.2(c). These designs can be mod-
ified with guard rings around the wafer edge, specially designed
reflectors, and diffusers placed on the quartz window. These ad-
ditions allowcd fine-tuning of the encrgy flux profile to the wafer
to improve tcmperature uniformity.

Toanatyze the performance of these and related equipment de-
signs, a simulator of the heat transfer effccts was developed start-
ing from physical relations for RTP available in, the literature [1],
[2]. The model was derived from a set of PDE’s describing the ra-
diative, conductive and convective energy transport effects. The

sors, and
® integration into the CIM MMST op-
erstional software envirommnent.

The basic idea behind the new control
concept i3 to manipulste the power to
the lantp arTay to control wafer tem-

, theraby achieving improved
process uniformity and repemtability.
‘This ia done largely through a number
of softwure modules for feedback,
feedforward, anti-overshoot, gain
scheduling and others. PS ]

Description of technology transfer in Semiconductor International, 16(7), 58, 1993.

basic expression is

13/ aT\ 13 ([ aT\ 4 ( ar T

tor (05 )+ (¢52 ) + = (452 ) = oo
(73.1)

where T is temperature, k is thermal ¢conductivity, p is density,
and C) is specific heat. Both k and Cp, are temperature depen-
dent. The boundary conditions are given by

aT

k'a = Qedse(9,2),7 = R,
aT

kE’.— = Ghosom (1. 8), 2 =0, and
aT

ka = q,,,,,(r,é)),z:Z,

where gedpes Qrotram, and gop are heat How per unit area into
the wafer edge, bottom, and top, respectively, via radiative and
convective heat transfer mechanisms, Z is the thickness of the
wafer, and R is the radius of the wafer. These terms coupled the
effects of the lamp heating zones to the wafcr.

Approximations were made to the general energy balance as-
suming axisymmetry and neglecting axial tempcrature gradients.
The heating effects in RTP were developed by discretizing the
wafer into concentric annular elements. Within cach annuiar
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wafer clement, the temperature was assumned uniform {2]. The
resulting model was given by a set of nonlinear vector differential
equations:

CT = K1+ Kondy 4 Kamv(r ~ Tgas)

+ FP 4 g"all 4 gtist (73.2)
where

T = [LTz... W)

o= [BF . T;]T

P = (PP .. PylT

where ¥ denotes the number of wafer elements and M denotes
the number of radiant heating zoncs; K" is a full matrix de-
scribing the radiation emission characteristics of the wefer, K0nd
is a tridiagonal matrix des¢ribing the conductive heat transfer ef-
fects across the wafer, K°"' is a diagonal matrix describing the
convective heat transfer effects from the wafer to the surrounding
gas, P is a full matrix quantifying the fraction of encrgy leaving
each lamp zone that radiates onto the wafer surface, ¢4 is a
vector of disturbances, g% isa vector of energy flux leaving the
chamber walls and radiating onto the wafer surface, and Cis a
diagonal matrix relating the heat flux tc temperature transients.
Morc details can be found in {2] and [3].

73.3 Performance Analysis

We first used the model to analyze the case of uniform energy flux
impinging on the wafer surface. In Figure 73.3, the temperature
profile induced by a uniform input energy flux is shown for the
cases where the center portion of the wafer was specified to be
at either 600°C, 1000°C, or 1150°C. A roll-off in temperature is
seen in the plots for all cases because the edge of the wafer re-
quired a different arnount of energy flux than the interior due to
differences in surface area. Conduction cffects within rhe wafer
helped to smooth the temperature profile. Thesc results qual-
itatively agreed with those reported in the literaturc where, for
example, sliplines at the wafer edge were seen because of the
large temperature gradients induced by the uniform energy flux
conditions. )

‘We then analyzed the multiple concentric lamp zone arrange-
ment of Figure 73.2(c) to assess the capability of achieving uni-
form temperature distribution during steady-state and tran-
sients. We considered each of four lamp zones to be manipulated
independently. The optimal lamp powers were determined to
minimize the peak temperature difference across the wafer at a
steady-state condition,

max_|T*(r, P) — T°%| (73.3)
<r<R

0

where T is the desired wafer temperature and T*°(r, P) is
the steady-state temperature at radius r with the constant lamp
power vector P, subject to the constraint that each enuy P; of P
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satisfies 0 < P; < PJ?"“. Using the finite difference model, the
objective function of Bquation 73.3 was approximated as

m"x ITIJ.P(P) _T:tl‘l — HT:J(P)_TIcIIIm (734)
where T*(P) is the steady-state temperature of clement i with
constant lamp power vector P and T** is a vector with all en-
triesequaito T¥%. A two-step numerical optimization procedure
was then employed in which two minimax crror problems were
solved to determine the set of lamp powers that minimize Equa-
tion 73.3 [4] and [2]. In Pigure 73.6, the temperature deviation
about the set points of 650°C, 1000°C, and 1150°C is shown.
The deviation is less than =1 °C, much berter than for the casc of
uniform energy flux.

4 W
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Figurc73.6 Optinal temperaturc profikes using a multizone RTP sys-
tern (center temperatures - solid line: 600° C; dashed Yine: 1000°C; dot-
ted line: 1150°C),

Inaddition, an analysis of the transient performance was con-
ducted because a significant fraction of the processing and the
potential for crystal slip occurs during the ramps made to wafer
tcrmperature. We compared a multivariable lammp control strat-
cgy and a scalar lamp control strategy. Industry, at that time,
employed a scalar control strategy. For the scalar case, the lamps
were held in a fixed rativ of power while total power was allowed
to vary. We selected the optimization criterion of minimizing

max “T(t) - T"f(z)} (73.5)
20

laSIXty
which denotes the largest temperature error from the specified
trajectory 77/ (2) at any point on the wafer at any time between
an initial time 7, and a final time ¢47. The reference temper-
ature trajectory was selected as a ramp from 600°C to 1150°C
in 5 seconds, The optimization was carried out with respect 10
the power to the four lamp zones, in the case of the multilamp
configurarion, orto the total power for a fixed ratio that was opti-
mal only at a 1000°C steady-state condition. The temperature at
the center of the wafer magched the desired temperature trajec-
tory almost exacily for both the multivariable and scalar control
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cases. However, the peak temperatute difference acruss the wafer
was much less for the multivariable cas¢ compared to the scalar
(fixed-ratio) case as shown in Figure 73.7,

ptak Lemperaimre @ifcreace (ieg C)

Figurc 73.7  Peak temperature nonuniformity during ramp,

For the case of the fixed-tatio lamps, the peak temperature
differcnee was more than 20°C during the transient and the mul.
tivariable case resulted in a temperature deviation of abaut 2°C.
The simulator suggested that this nonuniformity in temperature
for the fixcd-ratio case would result in crystal slip as shown in Fig-
ure 73.8 which shows the normalized maximum resolved stress

sonnilised meximumn resolved siress
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Figure 73.8  Normalized maximum resolved stress during ramp.

(based on simulation) as a function of time. No slip was present
in the multivariable case. This aralysis of the transient perfor-
mance coacluded that RTP systems configured with multiple in-
dependently contrallable lamps can substantially outpecform any
cxisting scalar RTP system: {or the same temperature schedule,
much smaller stress and tomperature variation across the wafer
was achieved; and for the same specifications for stress and tem-
perature variation across the wafer, much faster rise times can be
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achieved [2].

At the time of these simulations, prototype RTP equipment
was being developed at Texas Instruments for implementation in
the MMST program. TLhad developed an RTP system with two
concentric lamp zones. Their system at that time was operated
ir a scalar control mode with a fixed ratio between the twe lamp
zones. Upon presenting the above resuits, the two zone lamp was
modified by adding a third zone and providing separate power
supplies for each zone. This configuration allowed multivariable
control. A resulting three-zone RTP lamp was then donated by
TI to Stanford University. The chronology of this technology
transfet is shown in Figure 73.9.

CHRONOLOCY OF TECIINCLOGY TRANSFER
YROM STANFORD TO TEXAS INSTRUMENTS

(190 - &38) Modeling of went truasfer fur RTP
Opitmlzation and simuistion of perfarsnance Rmits
Cemparison of muillzouc lomp configuratiens
(890 . 5/91) DNevelopment 2o siUation of eootroliers
(691 - V92) Experimensal demnastration om Stanfurd RTM
(492 . 1292) Transter and custoralzation on 8 RTF"s, 13 different peoctases ot TL
(193« 5/ Usage for 1,000 wafor MMST marathoo demo

Figure 73.9  Chronology of the technology transfer to Texas Instru-
ments.

A schematic of the Stanford RTP system and a picture of the
three-zone arrangement arc shown in Figures 73.10 and 73.11,
rcspectively.

“Hand-tuning” procedures were used te cvaluate the perfor-
mance of thc RTP equipment at Stanford quickly. In this ap-
proach, the power settings to the lamp were manually manipu-
lated in real-time to achieve a desirable temperature response.
In Figure 73.4, open-loop, hand-tuned results are shown for
scalar control (ie., fixed power ratio) and multivariable control
as well as the crror during the transient. Clearly, this compari-
son demonstrated that multivariable control was preferred to the
scalar control method {5). However, the hand-runing approach
was a trial and error procedure that was time-consuming and
resuited in sub-optimal performance. An automated resl-time
control strategy is described in the following sections.

73.4 Models for Control

Two approaches were evaluated to develop a medel for coatrol
design, In the first approach, the nonlincar physical model pre-
sented sarlier was vsed to produce 2 reduced-order version. An
cnergy balance equation on the i** annular element can be ex-



This Wi\
ome out
Her in
e Aol
Ne¥dis =7

DEC-g7-19395 16:27

73.4. MODELS FOR CONTROL

Figure 73.11  Picture of the Stanford three-zone RTM lamp.
pressed as [3] and [6]

a7

N
PVICy =t = —eaAi Y Di T} — hiAi(T — Tyus)

J=i

M
+q‘_cond +q‘wall +q'dul +€ ZFWP:!
j=\
(73.6)

where p is density, V; is the volume of the annular element, C,
is heat capacity, T; is temperature, ¢ is total emissivity, o is the
Stefan-Boltzmann constant, A; is the surface area of the spnular
clement, D; ; is alumped parameter denoting the cocrgy transfer
due to reflections and emission, h; is a convective heat transfer
coefficient, qf”"" is heat transfer due to conduction, F; ; is a
view factor that represents the fraction of energy received by the
i** annular element from the j# lamp zone, and Py isthe power
from the j*¥ lamp zonc.

To develap a simpler model, the temperature distribution of
the wafer was considered nearly uniform and much greater than
that of the water-cooled chamber walls. With these approxima-
tions, g7 and g™*¥ were negligible. In addition, the term
accountiog for radiative energy transport due to reflections can
be simplified by analyzing the expansion,

N N
2 DiT =3 Dy
=

J=1

(73.7)
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(7" + 4778, + 6728} + 4782 ) + 81 ),

where §; ; = T; = T;. Afeer eliminating the terms involving &;
(since T; => &, j), the resulting model was,

dT;

N
pvcp? = -"GUA,'T;‘ZD“J

=i

M
— b ATy = Tambiens) + € Y Fi.j Fi.
=t
' (73.8)

It was notcd that Equation 73.8 was interactive because each
lamp zone affects the temperatore of each annular clement and
noninteractive becausc the annular elements did not affect one
another.

The nonlinear model given by Equation 73.8 was then lin-
carized about an operating point (7}, P;),

a7, . .
PVCr—= = ~|4eoAd; ;Di,j—mm f;
M -
+€) Fi;F;, (73.9)
=1

where the deviation variables arc defined as T, =7 —T and
P, = P;— P;. Thisequation can be expressed more conveniently
as

7 M
dT; - ”
S P )

(73.10)
j=1
where the gain and lime-constant are given by
K = - é:"" (7311
40 A T2 30001 Dij + huA,
v,
5 o= it J (73.12)

A A TP N Dy j+ kA,

From Equation 73.11, the gain decreases as T was increased.
Larger changes in the lamp power were requircd at higher 7 to
achieve an equivalent rise in temperature. In addition, from
Equation 73.12, the time constant decreases as T is increascd.
Thus, the wafer temperature responded faster to changes in the
lamp power at higher 7. The nonlinearities due to temperaturc
werc substantial, as the time constant and gain vary by a factor
of 10 over the temperature range associated with RTP.

The identification scheme to estimate 7; and K from experi-
mental data is described in [7], [8]. A sequence of lamp power
values was sent to the RTP system. This sequence was known as
a recipe. The recipe was formulated so that rcasonable spatial
temperature uniformity was maintained at all instants in order
to satisfy the approximation used in the development of the Jow-
order model. The cigenvalues of the system were estimatcd at
vanous temperature using a procedure employing the TLS ES-
PRIT algorithm [9]. After the eigenvalues were estimated, thc
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amplitude of the step response was estimated. This was difficul:
because of the tcmperature drift induced by the window heating;
however, a least-squares technique can be employed. The gain
of the systcm and view factors were then identified using a least-
squares algorithm again, The results are shown in Figure 73.12
and 73.13 for the ¢stimation of the effects of temperature an the
gain and time constant, respectively.

L o ; reéative gain trom lamp 1% TC J
F * ; relative gain bumglompd 2te TC 2
+ 1 reladve gain fram iamp 30 TT 3

seiative gain
-~

tnabratcal relasve gain

300 90 $00 S0 0 w0 700 7% #00 #50 w0
femperghare (°C)
Figure 73,12 Gain of the system relative to that at 900°C and com-

parison with theory.

The model was expressed in discrete-time format for use in
designing a control system. Using the zero-order hoid to de-
scribe the input scquence, the discrete-time expression of Bqua-
tion 73.10 was given by

T(z) = M(D)KB(R) (73.13)
where z denotes the z-transform,
. (] — c—-A.‘/t,')z—l
I'(z) = diag [w (73.14)

and Atf denotes the sampling time. The system model was in-
herently stable since the poles lie within the unit crcle for all
operating temperatures,

In order to obtain a complete description of the system, this
relationship was cambined with models describing sensor dy-
namics and lamp dynamics |4]. The sensor and lamp dynamics
can be described by detailed models. However, for the purpose
of model-based control system design, it was only necessary to
approximate these dynamics as a simple time-dcluy relation,

Toi(t) = Ti(t — 6). (73.15)
The measurcd temperature at time r was denoted by T, i (#), and
the time dclay was denoted by 6. The resulting model expressed
in z-transform notation was given by

T (2) = 29T (Q)KP(z) (73.16)

where d = @/ At was rounded to the ncarcst integer.
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wemperature and comparison with theory.

The power was supplied to the lamp filaments by sending a
0-10 volt signal from the computer control system to the power
supplies that drive the lamps. The relation between the voltage
signal applied 1o the supplies and the power sentto the lamps was
not nccessarily linear, Consequently, it was important to model
that nonlincarity, if possible, so that it could be accounted for by
the control systemn. It was possible to determine the nonlinearity
with a transducer installed on the power supply to mcasure the
average power sent to the lamps. By applying a known voltage
to the power supplics and then recording the average power out-
put, the desired relationship can be determined. This functon
can be described by a polynomial and then inverted to remove
the nonlinearity from the loop because the model is linear with
respect to radiative power from the lamps {see Equation 73.186).
We noted that the average power to the lamps may not equal the
radiative power from the lamps. The offset was due to heating
losses within the bulb Glament. However, this offset was im-
plicitly incorporated in the model when the gain matrix, K, was
determined from experimental dara.

A second strategy that considered the RTP system as a black
box was emplayed to identify a linear model of the process [11},
[12]. Among numerous alternatives, an ARX model was used to
describe the system,

Ag
TO =T = 3 AT —k)—Tg)
k=1

(73.17)

h
+ 3 Bu(P(r —k) = Pur) +n(1),
k=l

where T isan{ x i vector describing temperature, Pisan M x 1
vector describing percent of maximum zone power, Ay is an
I x 1 matrix, By is an I x M matrix, and / is the number of
sensors on the wafer measuring temperature, The steady-state
termnperature and power were denoted by Ty, and Py, respectively.
Becausc the steady-state temperature was difficult to determine
accurately becanse of drift, a shight modification to the model
was madc. Let Tpy = T + AT. The least squares problem for
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model identification can then be formulated as

N ny N
mina, g Z (T(t) = T) = ZAk(T(l -k)=T)
fx=] k=1
n/, 2
=" Be(PG — k) — Prs) — Tptas (73.18)
k=1 3

where Tpiae = (1 — 372, AR)AT.

The strategy for estimating the unknown model parameters
utilized PRBS (pseudo-random binary sequence) to excite the
system to obtain the necessary input-output data. The mcan
tcmperature that this excitation produced is designated as T.
Some other issues that were accounted for during model identi-
fication included the use of a data subsampling mcthod so that
the ARX modecl could span a longer timc interval and observe a
larger change of the temperature. Subsampling was needed be-
cause the data collection rate was 10 Hz and over that interval the
temperature changed very little. Consequently, the least-squares
formulation, as an identification method, may contain inherent
error sources due to the effect of the measurement sensor noise
{(which was presumed to be Gaussian distributed) and the quan-
tization noise {which was presumed to be uniformly distributed
with quantization level of 0.5°C).

With the black box approach, the model order needed to be
sclected. The criterion used to determine the appropriateness
of the model was to be able to make the prediction error smaller
than the quantization level using as smal! a number of ARX model
parameters as possible. For our applications, this ardar was threa
A matrices and three B muatrices with subsampling sclected as
four.

We are now going to show the value of the identified models by
using them to study an important characteristic of the RTP sys-
tem, its DC gain. For the ARX model with coefficients {A;, B;},
the identified DC gain was given by the formula

3 3
DCgain =D, = (I -Y A)) B
i=l I=l

Substituting in the appropriate values for 700°C (with! = 3, J =
3}, :
207 4.41 450
D= 1.11 478 491
0,73 508 5.5

Note that the magnitude of the first column of D, is smaller than
those of the second and third columnns, which was duc to the
difference in the maximum power of cach lamp: the first (cen-
ter) lamp has 2 kW maximum power, the second (intermediate)
lamp 12 kW maximum power, and the third (outer) lamp 24
kW maximurm power, Also note the similarity of the second and
third column of D, which says that the sccond lamp will affect
the wafer temperature in a manner similer to the third lamp. As
a result, we have effectively two lamps rather than three (recall
we have physically three lamps), which may cause difficulties in
maintaining temperature uniformity in the steady state because

(73.19)
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of an inadequate number of degrees of freedom. This conclusion
willbe more dearly seen from an SVD (Singular Value Decompo-
sition) analysis, about which more will be said later. To increase
the independence of the control effects of the two outside lamps,
a baffle was installed to redistribute the hight cncrgy from the
lamps to the wafer. The same identification technique described
carlier was used to identify the RTP systern model, and the DC
gain was computed from the identified model with the result

2.02 527 397
Dy=] 119 5.53 401 |. (73.20)
0.83 5.11 515

We can observe that the second column of the new DC pain
matrix was no longer similar to the third column, as it was in

. Equation 73.19. As a result, the three lamps heated the wafer in

different ways. The first (center) lamp heated mostly the center
of the wafer, and the third (outer) lamp heated mostly the edge
of the wafer. On the other hand, the second (intermediate) lamp
heated the wafer averall, acting like 2 bulk heater. Of course, the
sccond lamnp heated the intermediate portion of the wafer more
than the center and edge of the wafer, but the difference was not
so significant.

Even if theidea of installing a baffle was partly motivated by the
direct investigation of the DC gain matrix, it was in fact deduced
from an SVD (Singuiar Value Decomposition) analysis of the DC
gain matrix,

The SVD of D, in Equation 73.19 is given by

uy = [0.54,0.57,0.63], uy; = [—0.80,0.13, 0.58],
u3 = [0.25 —N.Rl, 0.53] (73.21)
v = [0.18,0.68,0.71], vz = [—0.98,0.04, 0.21],
vy = [0.12, -0.73,0.67} (73.22)
g = 121500 = 1.12, 03 = (.11 (73.23)

From this, we can conclude that [1, 1, 1] («;) is a strong out-
put direction. Of course, «y 1s {0.54, 0.57, 0.62] and is not ex-
actly equal to {1, 1,1]. However, [0.54, 0.57, 0.62] was close
to {1, 1, 1] in terms of direction in a 3-dimcnsional coordinate
system and was denoted as the [1, 1, 1] direction, here. Since
{1, 1, 1] was the strong output direction, we can affect the wafer
temperature in the {1, 1, 1] direction by a minimal input power
change. This means that if we mainrain the temperature unifor-
mity et the reference temperature (700°C), we can maintain the
uniformity near 700°C (say, at 710°C) with a small change in the
input lamp power. The weak output direction (the vector uy —
approximately [1, —1, 1]) says that it is difficult w increase the
temperature of the center and outer portions of the wafer while
cooling down the intcrmediate portion of the wafer, which was,
more or less, expected. The gain of the weak direction (o3) was
two orders of magnitude smaller than that of the strong direction
(o3). This meant that there were effectivcly only two lamps in the
RTP system in terms of controlling the temperature of the wafer,
even if there were physically three lamps. This naturally led to
the idea of redesigning the RTP chamber to get a better lamp il-
lumination pattern. Installing a baffle (see [10] for more details)
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into the existing RTP systcm improved our situation as shown in
the SVD analysis of the new DC gain D,, in Equation 73.20. The
SVD of D, was given by

¥y = [0.56,0.57,0.60), u; =[—0.63, —0.17, 0.76).
us = [0.53, —0.80, 0.26] (73.24)
v = [0.18, —0.72, 0.67], vy = [0.76, —0.3, ~0.57],
vs = [0.63.0.61,0.48) (7:.25)
oy = 12,14, oy = 1.17, 013 = 0.52 (73.26)

Compared to the SVD of the previous DC gain, the lowest sin-
gular value (o3) has been increased by a factor of 5, a significant
improvement over the previous RTP sgstem. In other words,
only one-fifth of the power required to control the temperature
in the weak direction, using the previous RTP system, was neces-
sary for the same task with the new RTP system. As a result, we
obtained three independent lamps by merely installing a baffle
into the existing RTP system. Independence of the three lamps in
the new RTP system was crucial in maintaining the temperaturc
uniformity of the wafer.

73.5 Control Design

The general strategy of feedback cumbined with fecdforward con-
trol was investigated for RTP control. In this strategy, a foedfor-
ward value of the lamp power was computed (in response to a
change in the temperature set point) according to a predeter-
mined relationship. This feedforward value was then added to a
feedback value and the resultant lamp power was scnt to the sys-
tem. The concept behind this approach was that the feedforward
power brings the temperature close to the desired temperature;
the feedback value compensates for modeling errors and distur-
bances.

The feedback value can be determined with a variety of design
techniques, two of which are described below. Several approaches
werc investigated to determine the feedforward value. Qne ap-
proach was based on replaying the lamp powers of previous runs,
Another approach was based on @ model-based optimization.

The physics-based model was cmploycd to develop acontroller
using a variation of the classical Internal Model Contral (IMC)
design procedure [13), [6]. The IMC approach consistad of fuc-
toring the linearized form of the nonlinear low- order model (see
Equation 73.16) as,

G =&} 6, @ (73.27)
where (3;‘ (2) coatains the time delay tcrms, 274, all right half-
plane zeros, zeros that are close to (—1, 0) on the unit disk, and
has unity gain. The IMC controller is then obtained by

Gl(2) =G, @ 'R (73.28)
where F(z) is 2 matrix of filters used to tune the closed-loop
performance and robustness and to obtain a physically realizable
controller. The mversion ﬁ; (2) 71 was relatively straightforward
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because the dynamics of the annular wafer elements of the lin-
earized form of the nonlincar model were decoupled

The tuning matrix, or IMC filter, F(z) was selected to satisfy
several requirements of RTP. The first requirement was related
to repeatability in which zero offset between the actual and de-
sired trajectory was to be guaranteed at steady-state condition
despite modeling error. The second requirement was related to
uniformity in which the closed-loop dynamics of the wafer tem-
perature should exhibit similar behavior. The third requirement
was related to robustaess and implementation in which the con-
troller should be as low-order as possible. Other requirements
were ease of operator usage and flexibility. One simple selection
of F(z) that meets these requirements was given by the first-order
filter

Fz) = fQ@),
1-a

f@ = ——,

l1—az

(73.29)
{73.30)

where & i5 a tuning paramcter, the speed of response. This pro-
vided us with a simplc controller with parameters that could be
interpreted from a physical standpoint.

In this approach to control design, the nonlinear dependency
of K and r; on temperature can be parameterized explicity in
the controller. Hence, a continuous gain-scheduling procedure
can be applied. It was noted that, as temperature increased,
the process gain decreased, Since the controller involved the
inverse of the process model, the controller gain increased as
temperature was increased. Consequently, the gain-scheduling
provided consistent response over the entire temperature range.
Thus, control design at one termperature should also apply at
other temperatures.

In addition to the IMC approach, 2 multivariable feedback
control law was determined by an LQG design which incorpo-
rated integral control action to reduce run-to-run variations [12],
[14]. The controller needed to be designed carefully, because, in
a nearly singular system such as the experimental RTP, actua-
tor saturation and integrator windup can cause problems. To
solve this problern partially, integral control was applied in only
the (strongly) controllable directions in tcmperature error space,
helping to prevent the controller from trying to remove uncon-
trollable disturbances.

For the LQG design, the black-bux model was used. It can be
cxpressed in the time domain as follows:

Y = CA*~!Bul 4+ ... + CABWY_, + CBul_,,

and the resulting equations ordered from y9 to y3:

41 CB - 0 n§
Y _ | CAB R ¢ uj
V?v CAN-B ... CB uﬂ,_,

These combined equations detcrmine a linear relationship be-
tween the input and output of the system in the form Y = HU,
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where the notation Yand U is used to designate the n, N x | and
n; N x 1 stacked vectors.

The identified model of the system was augmented with new
Stales representing the integral of the error zlong the m easiest to

control directions, defined as & def (6 &2 ... &y ]T. The new
system model was, then,

(2n] - Lot SR D8]

[s 2][E]

where Uy., is the first m columns of U, the output matrix from
the SVD of the open-loop transfer matrix H(z)|;=; = USVY,
and rcpresented the (easily) controllable subspace. The output
y then consisted of thermocouple readings and the integrator
states (in practice the integrator states were computed in software
from the measured temperature crrors). Weights for the integra-
tor states were chosen to provide a good transient response. A
coraplete description of the control design can be found in [14],
(15].

The goal of our feedforward control was to design, in advance,
a reference input trajectory which will causc the system to fol-
low a predetermined reference output trajectory, assuming no
noise or modeling error. The approach built upon the analysis
done in [16] and expressed the open-loop trajectory generation
problem as a convex optimization with linear constraints and a
quadratic objeciive function [14], [15).

The input/output rclationship of the system can be described
by a linear matrix cquation. This relationship was used to con-
vert convex constraints on the output trajectory into convex con-
straints on the input trajectory.

The RTP system imposed a number of linsar constraints.
These were linear constrints imposed by the RTP hardware,
specifically, the actuators had both saturation effects and 2 max-
imum rate of increase.

Saturation constraints were modeled as folluws: P is de-
fincd as the m; x 1 vector of steady-state powcrs at the point
of linearization of the above madel at time k. With an outer
feedback conwol loop running, to insure that the fecdback con-
troller has some room to work (for example & 10% lceway), the
total powers should be constraincd to the operating range of
10 < P8l < 90, which translates into a constraint on U of
(10 - PM) < U < (90 — P'™),

Maximum rates of increase {or slew rate limits) for our ac-
tuators were included also. These were due to the dynamics of
the halogen bulbs in our lamp. We included this constraint as
u},, — uf = 5, which can be cxpressed in a matrix equation of
the form SU < 5, where S has 1 on the main diagonal and —1
on the off-diagonal.

The quality of our optimized trajectory can be measurcd in two
ways: minimized tracking error (followinga reference traj cctory)
and minimized spatial nonuniforinity across the wafer. Because
the tracking crror placed an upper bound on the nonuniformity
€rror, wé concentrate on it here. We define the desired trajectory
Y™ a5 relative to the same linearized starting point used for

Yo =
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svstem identification. The tracking error E can be defined as
E =Y - Y* where E again dcnotes the stacked error vector.
We define our objective function to be a quadratic constraint
onBas F(x) =ETE, and expand

F(x) = UTHTHU - 200" HU + D7y (93.31)
Software programs exist, such as the FORTRAN program LSSOL
[17], which can take the convex constraints and producc a unique
solution, if one exists.

After achieving successful results in simulation, the control
system was implemcnted in a real-time computing environment
linked to the actual RTP equipment. The computing environ-
ment included a VxWorks real-time operating system, SUN IPC
workstation, VME 1/0 boards and a Motorola 68030 pracessor.

73.6 Proof-of-Concept Testing

The Stanford RTP system was used for multiprocessing applica-
tons in which sequential thermal process steps were performed
within the same reactor. A schematic of the RTM is shown in
Figure 73.10. A concentric three-zone 38-kW illuminator, con-
structed and donated by Texas Instruments, was used for wafer
hesting. The center zone consisted of a 2-kW bulb, the inter-
mediate zone consisted of 12 1-kW bulbs and the outer zone
consisted of 24 1-kW bulbs. A picture of the three-zone lamp is
presented in Figure 73.11. Thercflector was water and air cooled.
An annular gold-plated stainless stecl opaque ring was placed on
the quartz window ta provide improved compartmentalization
between the intermediate and outer zones. This improvement
was achieved by reducing the radiativc cnergy from the outer zone
impinging on the interior location of the wafer and from the in-
termediatc zone impinging on the edge of the wafcr. The RTM
was used for 4-inch wafer processing. The wafer was manually
loaded onto three supporting quartz pins of low thermal mass.
The wafer was placed in the center of the chamber which was
approximately 15 inches in diameter and 6 inches in height. Gas
was injected via two jets. For the control experimenits presented
below, temperature was measured with a thermocouple instru-
mented wafer. Three thermocouples were banded Lo the wafer
along a common diameter at radial positions of 0 inch ( center),
1 inch, and 1 7/8 inches. The experiments were conducted in a
N2 environment at 1 atnosphere pressure,

The control algorithms were evaluated for control of temper-
ature uniformiry in achieving a ramp from room temperature 1o
$00°C at a ramp rate of 45°C/s followed by a hold for 5 minutes
at 1 atm pressure and 1000 scem (ec/min gas at standard condi-
tions) N3 (4]. This trajectory typified low-temperature thermal
oxidation or anncaling operations. The ramp rate was selected
to correspond to the performance limit (in terms of satis(ying
uniformity requirements) of the equipment. The control systerm
utilized simultaneous IMC fecdback and feedforward control.
Gain scheduling was crmployed to compensate for the nonlincar-
ities induced by radiative heating.

The wafer ternperature for the desired trajectory over the first
100 seconds is plotted in Figure 73.14 for the center, middle, and
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Figure 73.15  Powers of the three zones used to contral temperature over the first 100 seconds.

edge locations where thermocouples are bonded to the wafer
along a common diameter at radial positions of 0 inch (center),
1 inch, and 1 7/8 inches.

The ramp rate gradually increascd to the specified 45°C/s and
then decreased as the desired process hold teraperature was ap-
proached. The cortesponding lamp powers, that were manipu-
lated by commands from the control system 10 achieve the desired
temperature trajectory, are shown in Figure 73.13.

The time delay of the system can be seen by comparing the
starting times of the lamp powers to the temperature respouse.
Approximately, u two second delay existed in the beginning of the
response. Of this delay, approximately 1.5 seconds was caused by
a power surge interlock on the lamp power supplies which only
functions when the lamp power is below 15% of the total power.
The remaining delay was caused by the sensor and filament hest-
ing dynamnics. In the power profilc plot, the rate imiting of the
lamp powers is scen, This rate-limiting strategy was employed as
a safety precaution to prevent alarge inrush current to the lamps,
However, these interlocks prevented higher values of ramp rates
from being achieved.

The nonuniformity of the contralled termperature trajectory
was then analyzed. Prom the measurements of the entire five
minute run (ic., the first 100 seconds shown in Pigure 73.14
along with an additional 400 second hold at 900°C not shown
in the figure), the nonuniformiry was computed by the peak-to-

peak temperature error of the temperature measurcments of the
threc thermocouples. The result is plotted in Figure 73.16. The
maximum temperature nonuniformity of approximately 15°C
occurred during the ramp around 2 mean temperature of 350°C.
This nonuniformity occurred at a low temperature and does not
sffect processing or damage the wafer via slip. As the ramp pro-
gressed from this point, the nonuniformity decreased. The sig-
nificant sensor noise can be seen.

The capability of the controller to hold the wafer temperature
at a desired process temperature despite the presence of dynamic
heating from extraneous sources was then examined. As scen in
Figure 73.14, the control system held the wafer temperature at
the desired valve of 900°C. Although the sensors were quite noisy
and had resolution of 0.5°C, the wafer temperature averaged
over the entire hold paortion for the three sensors corresponded
0 900.9°C, 900.7°C, and 900.8°C, respectively. This result was
desired because the uniformity of the process parameters, such as
film thickness and resistivity, generally depend on the integrated
or averaged temperature over ame. The capability of the control
system to hold the wafer temperature at the desired value, albeit
slightly higher, is demonstrated by plotting the dynamics of the
quartz window and chamber base of the RTM in Figure 73.17.

The slow heating of these components of the RTM corre-

sponded to slow disturbances to the wafer temperature, Because
of the reduced gain of the controller to compensate for time de-
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Figure 73.17  Temperatures of the quartz window and chamber base over the 5 minute run.

lays, these disturbances impected the closed-loop response by
raising the temperature to a value dlightly higher than the set
point. However, without the feedback temperature control sys-
tem, the wifer temperature would have drifted to a value more
than 30°C higher than the set point as opposed to less than 1°C
in the measured wafer temperature.

73.7 Technology Transfer to Industry

After demonstrating the prototype RTP equipment at Staniford,
the multivariable control strategy (including hardware and soft-
ware) was transferred 1o Texas Instruments for application in the
MMST program. Thistransfer involved intcgration on eight RTP
reactots: scven on-line and one off-line. These RTP systems were
sventually to be used in a 1000 wafer demonstration of two full-
flow sub-half-micron CMOS process technologies in the MMST
program at T1{18], [19).[20],(21]} and (22},

Although there wete similarities between the RTP equipment
ut TI and the threc-zone RTP system at Stanford, there were
also substantial differences. Two types of illuminators were used
for MMST, a four-zone system constructed at Texas Instruments
for MMST applications and a six-2one¢ system manufactured by
G2 Semiconductor Corp. Both systems utilized concentric zone
heating; the T system employed a circular arrangement of lamps,

and the G? system used a hexagonal arrangement of lamps. A
thick (roughly 15 mm) gunartz window was used in the TI sys-
tem to scparate the lamps from the reaction chamber, and 2 thin
{3 mm) quartz window was used in the G* system. Wafer ro-
tation was not cmployed with the TI system but was used with
the G? system. The rotation rate was approximately 20 rpm.
Moreover, six-inch wafer processing took place using up to four
pyrometets for feedback. Most reactors employed different con-
figurations purge ring assemblies, guard rings, and susceptors
(sce Figure 73.5).

The on-linc RTP reactors configured witk the IMC controller
were used for thirtcen different thermal processes: LPCVD Ni-
tride, LPCVD Tungsten, Silicide react, Silicide anncal, sinter,
LPCVD polysilicon, LPCVD amorphous silicon, germane clean,
dry RTO, wet RTO, source/drain anneal, gatc anneal, and tank
anncal, These processes ranged from 450° to 1100°C, from | to
650 torr pressure, and from 30 seconds to 5 minutes of processing
time (see Figure 73.18).

There were several challenges in customizing the tempera-
ture contro] system for operation in an all-RTP factory envi-
ronment [13]. These challenges included substantia) differences
among the eight reactors and thirteen processes, operation in a
prototyping development environment, ill-conditioned process-
ing equipment, calibrated pyrometers required for temperature
sensing, cquipment reliability ticd to control power trajectories,
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Figure73.18  List of processes controlied during the MMST program.
The prehcat temperature (Tpp) and time (f54) and the process temper-
awure (T, ) and time (15, ) are given. The carrier gases and operating
pressures are also presented,

multiple lamp-zonc/sensor configurations, detection of equip-
ment failures, and numerous operational and communication
mades.

Nonetheless, it was possible to develop asingle computer con-
trol code with the flexibility of achieving all of the desired ob-
jectives. This was accomplished by developing a comroller in a
modular framework based on a standardized model of the pro-
cess and cquipment. The control structure remained the same
whilc the model-based parameters of the controller differed from
process 10 process and reactor to reactor. It was possible to read
these parameters from & data file while holding the controller
code and logic constant. Consequently, it was only necessary
to maintain and modify a single computer control cnde for the
entire RTP factory.

We present results here for an [TPCVD-Nitride process that
employed a TI illuminator and for an LPCVD-Poly process that
employed a G2 dluminator, Additional temperature and process
control results are presentcd in [13] and {6].

The desired temperature trajectory for the LPCVD-Nitride
process involved a ramp to 850°C and then a hold at 850°C for
roughly 180 seconds in & SiH4/NHj deposition environment.
Temperature was measured using four radially distributed 3.3
fom InAs pyromecters. The center and edge pyrometers were
actively used for real-time fecdback control and the inner two
pyrometers were used to monitor the temperaturc. The reasons
for this analysis were: (1} repeatable results werc possible us-
ing only two pyrometers, (2) an analysis of thc benefits of using
pyrometers for feedback could be assessed, and (3) fewer pyrora-
eters were maintained during the marathon demonstration. In
Figure 73.19, the ¢center tempcrature measurement is shown for
a 24-wafer lot process. The offsets in the plat during the ramps
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are merely due to differences in the starting points of the ramps.

During the hold at 850°C, the reactive gases were injected, and
the deposition took place. The standard deviation (computed
aver the 24 runs) of the temperatire measurements during the
deposition time was analyzed. In Figure 73.20, the standard devi-
ation of the four sensor measurements are shown. The controlled
sensors improved repearability over the monitored sensor loca-
tions by a factor of seven. A three-sigma interpretation shows
roughly that the controlled sensors held temperature to within
=0.3°C and the monitored sensors were repeatable at +2.0°C.

We analyzed the power trajectornies to the lamp zones to evalu-
ate the repeatability of the equipment. In Figure73.21, the power
to the center zone is presented for the 24 runs. The intermediate
two zones were biased off the center and edge zones, respectively,
From these results, it was clear that the lamp power decreased
substantially during a nitride deposition run because the cham-
ber and window heat raore slowly than the wafer; because the
chamber and window provide energy to the wafer, the necessary
energy from the lamps to achicve a specified wafer temperature
was less as the chamber and window heat up. In addition, we
noted the chamber and window heating effect from run-to-run
by observing the lowered lamp cnergy requirements as the lot
processing progresses. Thesc observations can be used in devel-
oping fault detection algorithms.

To study the capability of temperature control on the process
parameter, we compared the thickness of the LPCVD poly pro-
cess determined at the center for cach wafer of a 24-wafer lot
where multizone feedback temperature control was used and no
rcal-time feedback temperature control (i.e., apen-loop opera-
tion) was used. For the open-loop case, a predetermined lamp
powcr trajectory was replayed for each wafer of the 24-wafer lot.
The comparison is shown in Figure 73.22. It is clear that the
multizone feedback control is much better than open-loop con-
trol. In some sense, this comparison is a worst case analysis since
the lamp powers themselves for both cases had no control, not
usual in industry. It our experiments, variations in line voltage
proceeded unfiltered through the reactor causing unprovoked
fluctuaticns in the lamp power and inducing strong temperature
cffects, However, the feedback temperaturce ¢ontrol systern can
compensate somewhat for these fluctuations. For the open-loop
case, thesa fluctuations pass on directly and result in unacceptable
rcpeatability.

73.8 Conclusions

A systemns approach has been used for a study in semiconduce-
tor manufacturing. This methodology has in¢luded developing
models, analyzing alternative equipment designs from a control
perspective, establishing model identification techniques to de-
velop a model for control design, developing 4 real-time control
system and embedding it within a contro] processor, proof-of-
concept testing with a prototype system, and then transferring
the contro! technology to industry. This application has shown
the role that control methodologias can play in semiconductor
device manufacturing.
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