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Abstract—It is well known that the design of the heating source imposes an inherent limitation on the performance
of the rapid thermal processor (RTP). In this work, the similarities and differences between flat and angled reflec-
tors are studied. The discontinuous characteristic of the angled reflector can be used to compensate for the edge heat
loss of the thin wafer and, consequently, a better temperature umiformity can be achieved. A design procedure is
proposed to place the lamp ring as well as the angle of the reflectors. For the control system design, the measure-
ment selection criterion of Huang et al. is employed to find candidate measurement sets followed by a structured
singular value criterion. Cnce the control structure is determined, multivariable temperature controllers are design-
ed according to the internal model control (IMC) principle. From process insight, a fairly simple nonlinear com-
pensation is also devised. Simulation results show that, while only half of the thermal budget is used, improved
temperature uniformity can be obtained by using the proposed approach.
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INTRODUCTION

Rapid thermal processing (RTP) offers a growing potential as
one moves further into the subhalf micron technology [Rooze-
boom, 1992]. RTP performs single wafer thermal process oper-
ations, including annealing, oxidation, nitridation, chemical vapor
deposition and cleaning. Moreover, it possesses the feature to sig-
nificantly reduce the thermal budget while affording single-wafer
granulanty and cluster compatibility as stated m the National Tech-
nology Roadmap. Despite all the promises, the major obstacle
for wide-spread applications is inadequate temperature measure-
ment and control [Badgwell et al,, 1995]. Therefore, maintaining
temperature uniformity over a range of processing conditions is
cntical for the acceptance of RTP. Notice that temperature umi-
formity 1s a prerequisite for within-wafer uniformity. Other fac-
tors, such as flow pattern and measurement techniques, which
affect uniformity are addressed elsewhere [Roozeboom, 1992].
For a typical RTP system, tungsten-halogen lamps are arranged
in linear or pseudo-ring formation [Apte and Saraswat, 1992].
The powers of the lamps are manipulated to control the wafer
temperature during the RTP cycle, and it is possible to achieve a
waler temperature ramp rate over 100 °C/sec. The last decade has
seen advances in the modeling, design and control of RTP. The
importance of design for better temperature control was recog-
nized by several researchers [Apte and Saraswat, 1992; Dilhac et
al., 1995; Huang et al, 2000; Norman, 1992; Stuber et al,, 1993].
Pseudo-ring lamp arrangement, placement of radiation shield and
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design of reflectors [Badgwell et al., 1995; Lord, 1988; Sorrell
et al, 1990] are proposed to overcome temperature non-uniformi-
ty. The design and optimization steps are often carried out on first
principle models.

The second factor that affects temperature uniformity is in-
adequate temperature control. The multivariable nature of tem-
perature control 1s addressed properly by Apte and Saraswat
[1992]. Multiloop PID control and Internal Model Control are
proposed for the multi-zone RTP systems. Interaction and robust-
ness analyses of multivariable temperature control are also ex-
plored by Stuber et al. [1998]. Gain scheduling is also employed
to compensate for process nonlineanity as the temperature set
point changes. More computationally extensive control techni-
ques such as predictive control and adaptive control are also pro-
posed [Sach et al., 1991].

It is well known that the inherent controllability of a process
18 generally determined at the design stage and then control can
be applied to keep the equipment operating at the achievable per-
formance. The purpose of this work is to compare the perfor-
mance of RTP systems, and emphasis is placed on temperature
uniformity, thermal budget and possible plastic deformation. Ap-
plications of interest mclude mitridation, oxidation and implanta-
tion. The remainder of this paper is organized as follows. Section
2 discusses the design aspect of RTP systems. Control structure
design and controller synthesis are addressed in Section 3 fol-
lowed by the conclusion.

DESIGN

In this work, an axisymmetric RTP chamber is studied. A sche-
matic of an RTP system with angled reflectors is shown in Fig.
1. In this system, power is supplied to four rings of tungsten-ha-
logen lamps. Energy 1s transferred through a quartz window onto
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Fig. 1. Schematics of angled RTP.
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Fig. 2. Modeling of a RTP system.
(A) ray-tracing model, (B) heat transfer between wafer and
chamber and (C) discretization of the wafer in the r-direction.

a thin semiconductor wafer via direct and reflective paths.

The RTP system 1s a typical heat transfer process. However,
unlike conventional chemical engineering systems, this is a radi-
ation dominant heat transfer process. Lord [1988] is among the
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first to model RTP systems. A model for multiple rings configu-
ration, first descnibed by Norman [1992] and later modified by
Huang et al. [2000], is adopted here (Fig. 2). This type of model
was vahdated experimentally by several researchers. A cylindri-
cal coordinate 1s employed to model the temperature on the wafer
The origin of the coordinate system is the center of the wafer bot-
tom surface as shown in Fig. 2B. The following assumptions are
made: (1) temperature distribution is axisymmetric, (2) z-direction
temperature gradient can be neglected, and (3) no gas-solid re-
action cccurs. With these assumptions, the differential equations
describing the energy balance can be reduced to a one-dimen-
sional (r-direction) model. It can further be discretized into equal-
radius annular zones in each of which the temperature (T, , i=1, ...
n) is assumed to be constant {e.g., Fig. 2C). Therefore, we have:

POV = eoAT AT T ™ 3 38p ()
where p;, is the density, C,(T}) 1s the heat capacity, V, 1s the volume
and T, is the temperature of the wafer in the i* zone. For the ra-
diation heat flux, £ 1s the total emissivity, ¢ is the Stefan-Boltz-
mann constant, A, is the surface area of the i* zone, ¢, is the ab-
sorptivity of the i* zone. S, is the view factor which represents
the fraction of energy received by the i* zone from the j* lamp
ring, m is the total number of lamp rings and P, is the power of
the i* lamp ring. The ray-tracing model of Gyurcsik et al. [1991]
(Fig. 2A) 1s employed to compute 5, and the angled reflector ver-
sion was derived by Huang [1997]. For heat convection, T, is the
ambient temperature and, in this work, T, is taken as the anth-
metic mean of the averaged wafer temperature and wall temper-
ature and b, is the convective heat transfer coefticient. Since the
temperatures are relatively uniform, the conduction term ¢ gen-
erally can be neglected as compared to the other two factors. This
15 a set of nonlinear ODEs, and the nonlinearity comes from the
rachation term.

A cold-wall RTP system with four lamp rings is used to illu-
strate the interaction of design and control. The chamber geome-
try is the same as Crowley et al. [1998], but the lamp configuration
is re-designed to achieve better temperature uniformity [Huang
etal,, 2000]. The reflectors are located on the top. The chamber
geometry, property of the reflector, lamp ring locations and wafer
and system parameters for simulations are summanzed in Table

Table 1. System parameters for RTP system

Parameter Value
Chamber diameter (D, cm) 52
Chamber height (H, cm) 17.5
Distance between reflector and lamp ¢h,, cm) 2.5
Distance between lamp and wafer (h,, cm) 5.0
Wafer diameter (2R,,, cm) 20.32
Wafer thickness (5, cm) 0.0675
Wafer density (p, Kg/m®) 2330
Zone number (n) 30
Emissivity () 0.7
Absorptivity (o) 0.6
Stefan Boltzmann constant (s, W/m’K*) 5.67x107°
Relfector reflectivity (R,) 097
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Fig. 3. Intensity and temperature profiles for uniform temper-
ature (solid) and uniform intensity (dashed).

1. In simulation, the wafer is descretized into 30 zones (n=30)
and the view factors (S,) can be derived directly from the ray-
tracing model (Fig. 2A). The set of 30 ODE's is solved numeri-
cally using the Euler method.

Two types of reflector designs are studied: {lat and angled re-
flectors. For the flat reflector, the design problem is simply to find
the lamp ning locations such that the 2-norm between the desired
intensity (Fig. 3) and the actual intensity is minimized. The vec-
tor of the desired intensity I?can be found by solving the steady-
state version of Eq. (1) by assummg a uniform temperature pro-
file across the wafer (e.g., T=900 °C). The actual intensity can
be calculated from:

[=SP (2

where I 1s the 30x1 vector of intensity, S is the 30x4 matrix of
view factor (which is constant for a given design) and Pis a 4x
1 vector of power input. The optimal power input can be obtain-
ed by solving a least square problem. Huang et al.’s [2000] robust
design procedure, which takes all possible operating temperatures
(400-1,000 °C) into account, 1s employed. Four lamp rings are
placed at 0, 5, 6, and 16 cm from the center. In terms of tempera-
ture uniformity, the result of this four-lamp-ring configuration
1s almost the same as the three-lamp-ring scheme [Huang et al.,
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Fig. 4. Desired intensity profile (dashed) and overall intensity
profiles for: (A) flat and (B) angled reflectors.

2000]. This clearly indicates the limitation of the flat reflector
where the temperature uniformity cannot be improved by add-
ing more lamp rings. Fig. 4A, which shows the intensities from
these four lamp rings, reveals that the maximum intensity occurs
at r=16 cm for a 20 cm wafer. That means excessive thermal bu-
dget is needed to compensate for the edge heat loss. The power
nput is P,,=7.4 kW/m at 900 °C. Fig. 5A shows the temperature
profile of the optimized RTP design. This corresponds to an aver-
aged temperature deviation of 0.99 °C (1e., AT, =0.99°C).
Angled reflectors are sometimes employed in the RTP system.
Little is said about the design procedure of the angled reflectors
n the hiterature. Huang [1997] discusses the design of angled re-
flectors in detail and also derives ray tracing models. In the de-
sign, two factors should be taken into consideration: the shape
{one-sided or two-sided) and the angle. The study of Huang shows
that the one-sided reflector for the outest lamp ring is very effec-
tive to compensate for edge heat loss and 1t is adopted in this work.
Therefore, we have one more variable in the design: the angle.
The design procedure then becomes: (1) for a given reflector an-
gle, find the optimal lamp ring locations (same procedure as the
case of flat reflector), (2) repeat step 1 for different angles and (3)
find a reflector angle which gives small averaged temperature de-
viation as well as thermal budget. This results m a 15 degree an-
gled reflector with lamp ring locations at 0, 4.5, 10 and 14 cm. The
top graph of Fig. 4B shows the intensity distnbutions for each
lamp ring. For each lamp ring, the intensity profile is similar to a
normal distribution along the r-direction for the flat reflector (e.g.,
the lamp ning at r=10 c¢m 1n top graph of Fig. 4B). Since the lamp
ring at r=14 cm has an angled reflector, the intensity profile is
no longer a normal distnbution (Fig. 4B). This asymmetrical in-
tensity profile can compensate for edge heat loss at a much lower
thermal budget as shown in the overall intensity profile (summa-
tion of all intensities from different lamp rings) as shown in the

Korean J. Chem. Eng(Vol. 17, No. 1)
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Fig. 5. Desired temperature profile for: (A) flat and (B) angled
reflectors.

bottom graph of Fig. 4B. Companison of Figs. 4A and 4B clearly
mndicates that the thermal budget (proportional to the total inten-
sity) is much less for an RTP with angled reflectors. The power
required is almost 50% less than the case of the flat reflector (P,
=3.8 kW/m at 900 °C). Fig. 5B shows the temperature along the
radius direction and it becomes evident that the case of the an-
gled reflector gives better temperature uniformity (e.g., AT,,, reduc-
ed from 0.99 to 0.23 °C) while requiring much less power input.

It should be emphasized that the temperature uniformity is only
an indirect indicator of process uniformity. For any thermal pro-
cesses, the thermal stress analysis is important to evaluate whe-
ther the temperature non-uniformity exceeds the limit. That 1s, 1f
the thermal stress exceeds the yield stress, plastic deformation may
oceur, which leads to defects in the devices [Lord, 1988; Fan and
Qiy, 1997, Hebb and Jenson, 1998]. The approach of Hebb and
Jenson [1998] is taken here. The wafer is modeled with the follow-
Ing assumptions: it is an 1sotropic, elastic, flat and thin circular
plate free of external forces. Under these assumptions, the ther-
mal stress in the radial and tangential directions can be express-
ed as [Hebb and Jenson, 1998]:

or(r):—asE[#j;T(r)rdr flgjf T(r)rdl] &
Odr)=0uE Ty Terrdr—— [ Tryrds | @
0 R*"
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where r is the radial position, R is the radius of the wafer, T is
temperature, ¢, =4-10"° K™ 1s the thermal expansion coefficient of
silicon, E=1.3-10"° MPa is the Young’s modulus. Using Mohr’s
circle, the maximum resolved shear stress can be calculated m
the plane of the wafer.

(13 10,1-0u(0)] )

Haasen’s model of yield stress of silicon 1s employed to find
the critical stress for plastic deformation [Fan and Qiu, 1997].

Ty;fCEWeXp(r%) (6)
where U=2.3 eV is the activation energy of glide movement,
(C=45 kPa and m=2.9 are constants, ¢ 1s the Boltzmann constant
and €=4.8-107° s is the strain rate and a conservative value is
used here. Under the maximum shear stress criterion, it is assum-
ed that a local plastic deformation will oceur 1f the maximum
shear stress exceeds the yield stress. Therefore, the stress ratio (t,/
T,4) can be used to evaluate the degree of plastic deformation.
Companson is made between the two different designs. In a batch
cycle, Fig. 8B shows that the RTP with angled reflector gives a
stress ratio less than one throughout the batch cycle. On the other
hand, the RTP with a flat reflector (Fig. 8A) has a stress ratio ex-
ceeding one. That may lead to defects in dielectric films or de-
grading of device performance. Agan, an RTP with angled reflec-
tor shows less thermal stress across the wafer and subsequently
leads to fewer possible defects.

The on-going analyses clearly indicate that a better design (an-
gled reflector) can achieve better temperature uniformity while
requiring half the thermal budget. It is important to recognize the
importance of an improved design for better control performance
especially when only a minor modification is required. Moreover,
the ultimate performance of a RTP chamber is determined at the
design stage.

CONTROL

1. Measurement Selection

Control structure design is important to achieve temperature
uniformity [Huang et al, 2000]. That is, we have to determine the
controlled vanables-temperature measurements. The temperature
profile along the radial position plays an important role for the
measurement selection. The RTP system uses a linear combina-
tion of four lamp powers to match the desired intensity. Notice
that each lamp ring has an intensity profile similar to the normal
distnbution (e.g., Fig. 5). The optimal temperature uniformity cor-
responds to a unique lamp power combination The desired tem-
perature profile is a nonlinear function in r and it crosses the tem-
perature set point several times. The profile is similar to a high-
order polynomial: T-T"= lljll(r—z:) where T is the temperature
set point, n 1s the number of set pont crossings and z denotes the
location of the set point crossing (zero of the polynomial). There-
fore, it becomes clear that the best temperature uniformity which
can be achieved is the temperature profile at design, and this is
termed the desired temperature profile hereafter. Furthermore,
the easiest way to maintain this profile is to keep the tempera-
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tures already at (or close to) set point (e.g., Fig. 5) under control.
This can be interpreted as retaming the shape of the temperature
profile by holding several key positions at the set point. More-
over, bringing the temperatures which are not on the set point
back to the set point will distort the temperature profile. That 1s,
the temperature profile will not be optimal anymore. This leads
to a rather simple measurement selection criterion. Since the tem-
perature profile can be described by a polynomial-like function,
possible candidates for temperature control are the “zeros™ of
the nonlinear function (on the perturbation basis). In the angled
reflector case, they are T\, T;, T;, T;oand T,,.

Since we have five set point crossing locations in the desired
temperature profile, the measurement selection problem can be
simplified from a C{30,4) (27405 alternatives) problem to a C
(5,4) (5 alternatives) problem. Therefore, the measurement selec-
tion problem is reduced to a manageable size. One approach is
to exhaust all possibilities. In theory, all these measurement sets
should give AT,,, fairly close to the best achievable performance.
The next step is to check system interaction and inherent robust-
ness by using the structured singular value [SSV, Moran and
Zafiriou, 1989]. Table 2 shows the RGA and S5V of the RGA
for all five candidate sets. Results from robustness analyses show
that the measurement set T, T,, T,, and T,, gives the most robust
multivariable system. Notice that this is the most equal-spaced
sensor location from all five possibilities. Physically, this can be
understood since the selected measurement locations are the
closer to the locations of the maximum intensity of each lamp

Table 2. Averaged temperature deviations, relative gain array
and structured singular value for all 5 sets of possible

measurement locations
Measurement AT RRAY
Method . o RGA
etho location ') (RGA)
setl 1 81624 025271 _8.8076.24 41_53743_()%; 80.496
—-9.62 8.71-79.77 81.68
2.18-0.66 58.76-59.27
—0.35-0.80-19.51 24.6§
set2 1 81629 0'24572_6.91—8.47 17.78—15.22_ 33.741
—-6.7412.94-33.61 28.41
0.89-332 21.67-18.25
—0.06-0.15 -4.84 6.0
set3 1 82420 024246 -5.62 560 3.90 —2.83- 19.702
—4.75  766-6.63 4.72
024 -1.0111.41 —9.64
-0.11 —0.04-7.68 8.73
setd 1 62429 0.24232'2.51 164 0.49 —0.36_ 22.692
—-2.13 482-533 364
083 -24814.21-11.59
—0.22 030-837 9.2§
set5 81624290 024243 _3.85 _311 0.95 —0.6§ 23.701
384 6.77-6.09 416
1.30 -3.0714.60-11.84
—0.30 -0.41-847 9.3

ring (Fig. 5). That coincides with the common control engineer-
ing practice: pair the output with the most influential input. For
the case of the flat reflector, in order to avoid process singular-
ity, only three temperatures are controlled (T, T, and T,;). There-
fore, the temperature measurement selection criterion can be
summarized as follows [Huang et al., 2000].

(1) Tdentity the set point crossing locations from the desired
temperature profile.

(2) Prefer the approximately equal-spaced rule for placing
temperature measurements on these locations.

(3) Check for system robustness, and if the SSV 1s not ac-
ceptable, go back to step 2.

In this procedure, step 1 identifies the potential measurement lo-
cations which can achieve temperature uniformity and a smaller
subset results. Steps 2-3 deal with the controllability of the square
subsystem. Here, engineering judgment (equal-spaced rule) and
SSV are emploved to ensure the final control structure is not in-
herently difficult to control.
2. Controller Design

Once the control structure is determined, the next step is to
design a multivaniable temperature controller. The conventional
PID type of controller is preferred for its simplicity and transpar-
ency. But, the IMC design principle of Moran and Zafirniou [1989]
1s employed [Huang et al., 1999]. Since almost half of the batch
cycle is involved with ramp type of inputs (e.g., ramp-up and
cool down). Type-2 system is considered. For the RTP operated
at 900 °C, the m-time-constant model structure gives the fol-
lowing process transfer function matrix:

G(s)=K, -diag[14Ts+1)] (7)

where K, is the steady-state gain matrix and 7, is the i” time con-
stant. Following the design procedure of Huang et al. [1999], this
leads to a diagonal PID type of controller with a static decoupler.
Moreover, the diagonal controller has double integrators.
C(s)=K 'diag(K.) (8)

where K, 1s the diagonal PID type of controller.
K,=K, (HLH s)l )
ii g TI’ES D, A
We term this type of controller as PI°D controller hereafter. The

controller parameters can be expressed in terms of IMC filter time
constant T,

T+2T 21T
J:I_gf: T T t2T, Tp/ s (10)
Tr TAH2T,

Therefore, once the closed-loop time constant 7;1s set, the tuning
constants for the PT’D controller can be determined immediately.

In a temperature cycle, the temperature set point can vary by
several hundred degrees, which subsequently leads to signifi-
cant variations in the steady-state gain (I,) and time constant
(t,). For example, K, , and 7, change by a factor of 5 as the tem-
perature set point changes from 900 °C to 400 °C. Intuitively, a
nonlinear compensation scheme is necessary to achieve good set
point performance. However, the low-order model analysis of

Korean J. Chem. Eng(Vol. 17, No. 1)
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Huang et al [1999] reveals that since the steady-state gain and the
time constant vary with the same factor as the temperature set
point changes, the only nonlinear compensation necessary is the
reset time of the PI'D controller.

Tp =14 27 (1)
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Fig. 6. Temperature responses for the RTP system with 1=1.5
sec with (A) flat and (B) angled reflectors.
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where r is the ratio of the new temperature set point over the no-
minal one. In this work, only the reset time, not the controller gain
or the decoupler, is adjusted as the temperature set point changes.
This 1s a rather simple and computationally inexpensive nonlin-
ear compensation scheme. The RTP systems with {lat and angl-
ed reflectors are evaluated by using nonlinear simulations. A fil-
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ter time constant of 1.5 sec is employed to find the controller par-
ameters. For the controlled temperatures (3 temperatures for the
flat reflector and 4 temperatures for the angled reflector), both
RTP systems give good set point responses (Fig. 6). However, the
temperature uniformity for the case of the angled reflector 1s sig-
nificantly improved as illustrated by the averaged temperature de-
viations for all temperatures (Fig. 7). Results (Fig. 8) show good
set point responses can be achieved by using the simplified non-
linear compensation. Again, the low order analytical model offers
useful insights in designing the nonlinear compensation element.

CONCLUSION

In microelectronic processing, RTP control systems have the
best analogy in process control. In this work, the interaction be-
tween design and achievable performance is studied Results show
that an RTP system with angled reflector can achieve better tem-
perature uniformity using only half of the thermal budget as com-
pared to the system of the flat reflector Moreover, thermal stress
analyses show that it can also prevent plastic deformation during
a batch cycle held at 900 °C. A complete temperature control de-
sign procedure is also given to ensure the desired temperature
profile as well as nonlinear compensation. Advantages of the pro-
posed design are illustrated via simulations. More importantly, the
performance improvement 1s achieved with only a fairly simple
modification of the reflector.
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