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Lamp Configuration Design for
Rapid Thermal Processing Systems

Yaw-Kuen Jan and Ching-An Lin

Abstract—We study lamp configuration design for rapid ther- [13] and wafer expansion technique, e.g., Donneliyl. [14]
mal processing (RTP) systems. We consider a configuration con- gre also used.

sists of four concentric circular lamp zones, three of them above 1o most commonly used lamp configurations in RTP
the wafer and one circumvallating the wafer. We propose a

method to determine the geometric parameters, the width, height SYStem are linear array [2], hexagonal-shaped [15] and concen-
and radius, of the lamp zones so that the configuration designed tric circular [16]. However, there are relatively few in-depth
has the capacity to achieve uniform temperature on the wafer. studies on lamp configuration design [17].
The method is based on a necessary and sufficient condition for  a good lamp configuration must have the capacity to
e e e PVide the required raditive heat i 10 the wafer surface
open-loop control law yields good temperature uniformity. for maintaining uniform temperature both during steady-state
and transient heating. In this paper we consider a lamp
configuration consists of four concentric circular lamp zones,
three of them above the wafer and one circumvallating the
wafer. We propose a method to determine the geometric
l. INTRODUCTION parameters, the width, height and radius, of the lamp zones
INGLE wafer rapid thermal processing (RTP) has beso that the configuration designed is best suited for achieving
Some an alternative to the traditional furnace-based batgtinperature uniformity. The design method is based on a
processing in processes such as titanium silicide formatidigcessary and sufficient condition (on the heat flux distribution
implant annealing, nitridation of titanium [1], [2], etc. Main-on the wafer) for uniformly tracking a desired temperature
taining wafer temperature uniformity while following fastprofile. It turns out that if heat convection is neglected, uniform
temperature trajectories is a key requirement to prevent sigmperature requires uniform heat flux on the wafer surface
dislocation and to ensure process uniformity, especially duriagd an additional heat flux to compensate for edge loss.
high temperature RTP applications such as rapid thermalSince heat flux distribution on wafer surface (and on edge)
oxidation. As the wafer becomes large and the feature sisea positive linear combination of the view factors of the four
shrinks, whether RTP will become the mainstream processitagnp zones and the view factors due to chamber reflection, it is
technology for the next generation of IC fabrication depend®mportant that the view factors be properly designed. Clearly,
very much on how well the wafer temperature can be measutéé view factors due to chamber reflection is highly dependent
and controlled. of the lamp configuration. For simplicity, in lamp configuration
There are many studies in the literature on temperatwtesign we neglect the effect of chamber reflection and consider
measurement and temperature control algorithm. Agttal. only the view factors due to the lamps. The effect of chamber
[3] has shown that a multiring circularly symmetric lamp conreflection is later included in a model for open-loop control law
figuration with independent (multivariable) control is suitabléesign. To design the lamp view factors, we first derive their
for RTP system. To optimize the temperature performancanalytic expressions (as functions of the geometric parameters)
a technique based on convex optimization was developadd examine some of the properties. Due to the axisymmetric
by Norman [4] with a model based on Lord’s work [5].arrangement of the lamps, the view factors are functions
Schapteret al. [6]-[8] implemented an internal model controlof one variable. It turns out that they are either monotonic
(IMC) strategy with gain-scheduling on RTP systems, angkcreasing, monotonic increasing, or unimodal concave. The
Stuberet al. [9] developed a successively linearized quadratigxpressions and properties are then used to obtain positive
dynamic matrix control (QDMC) strategy. Optical pyrometergnear combinations which yield uniform heat flux distribution.
are probably the most widely used temperature sensor for R¥idre precisely, the design is to obtain positive linear com-
systems [10], [11], although acoustic temperature sensors [Zhations that minimize the variation (of the function). With

) ] ) . the configuration designed, a least square method is used to
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Fig. 1. A simplified schematic of the RTP system.

uniformity and that reflection of the chamber has only a mindhe temperature at time (second) of the annular wafer zone
effect on the achievable temperature uniformity. with inner radiusr and outer radiug + ér. Conservation of

The paper is organized as follows. Section Il introducesnergy states that the rate of temperature change in the zone is
the RTP system and derives a dynamic model for it. Sectipnoportional to the net heat flow rate into it. More precisely,
Il gives a necessary and sufficient condition for uniform T
temperature tracking. Section IV computes the view factor mC— = Q, + Q.+ Q- (2.1)
functions between lamps and wafer and derives some of ot
its properties. Section V gives a lamp configuration desigiherem is the mass of the annular zong, is the specific
procedure together with a numerical design example. It igat, andly, Q., andQ,. are heat flow rates into the zone via
shown that open-loop least square control improves tempegnduction, convection and radiation, respectively.

ature uniformity. Section VI is a brief conclusion. Let G(r,t) (K/mm) be the temperature gradient onBy
Fourier’s rule of heat conduction, for the annular wafer zone

with thicknessH inner radiusr and outer radiug + ér,
Il. SYSTEM DESCRIPTION

Qr = —k2rrHG(r,t) + k2n[r + 6r]HG(r + 6r,t) (2.2)

A. The RTP System Considered . . . .
‘wherek is the thermal conductivity. Net convective heat into

A simplified schematic of the RTP system is shown ighe zone from the surrounding gas of temperatiicg(r, )
Fig. 1. The system has four concentric circular lamps witf,sisfies

three of them above the wafer (lamp 1-3) and one circum-

vallating the wafer (lamp 4). The bottom edge of lamp 4 is Qe =he(r) - As - [Too(r,t) = T(r, 1)] (2.3
on the same plane as the wafer upper surface. Geometrically, . ) . )
every lamp above the wafer is characterized by its inner radit‘f@qere he(r) is the convective heat transfer coefficient that is
width and height; and the lamp circumvallating the wafer id function ofr, AS, (mn?) is the sqrfacg area of the annular
characterized by its radius and width. Unless further specifig"€ and to the first order approximatiey = 277 - ér-.

units of these geometric parameters are mm. The central axi&et

of the wafer coincides with the central axis of all lamps. The 4
wafer is thin enough so that axial thermal gradient is neglected B(r,t) =Y Fj(r)B;(t) (2.4)
and the wafer surface is assumed to be gray, diffuse [4]-[6], i=1

[17], [18], and opaque [17], [19]. The chamber wall is assumggh the jrradiation onto the annular wafer surface due to the
to be gray, diffuse, and water cooled with temperature mufé}nps, whereB;(t) (W/mn?) is the heat flux generated by
!ower than that of the wafer_so that heat radiation from tﬁejth lamp, F;(r) (no unit) is the radiation view factor from
is neglected [6]. Every lamp is assumed to be a black boglys annular zone to thgth lamp. Since the wafer is opaque

that emits even heat flux such that view factor approach cgi, emissivity e the net heat flux into the zone is [4], [5]
be used to describe the radiation phenomenon [5]. Reflection

from the chamber wall [20] and the capacitive effect of quartz q(r,t) = e[B(r,t) — oT(r, t)*] (2.5)

window [17] are neglected. Since the temperature distribution

. —14
is axisymmetric, a cylindrical coordinate system is used ffherec is the Stefan-Boltzmann constantd70 32 x 10

o < ;
which the origin is the center of the wafer upper surface arW/tn;m K*) [21]. And the radiation heat into the annular zone
5 thus

the z-axis coincides with the central axis of the wafer and tH
lamps. Qr = Asq(r, t). (2.6)

B. A Dynamic System Model With (2.2) through (2.6) and lettingr — 0 (2.1) is rewritten

This subsection gives a mathematic model describing tRa
wafer temperature dynamics based on the law of energydT(r,t) _ Kk O[rG(r,t)] n he(r) [T (r,t) — T(r,1)]
conservation. Due to the axisymmetry of the RTP system, the 3¢ pCr  Or pHC ™70 ’
surface temperature of each annular wafer zone of infinitesimal + £ [B(r,t) — oT(r, £)4] 2.7)

width ér is assumed to be uniform. L& (r, ¢) (K) denote pHC
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Taking derivative of (2.7) with respect o gives

77

4

0G _ kPG k G , =
ot pC or2 ~ pCr Or
B k n ecdAT3 n he a A
pCr2  pHC  pHC
A,

+

e OB 1 [o(hTs) Ohe
pHC’E pH_C’{ or  Or
where we omit the variables and ¢.

Since the wafer temperature is uniform if and only if:ig. 2. A simplified schematic for deriving view factor function.
G(r,t) =0 for r € [0, R), (2.8) is used to derive a necessary
and sufficient condition orB(r,¢) for uniform temperature
tracking.

T} (2.8)

Thus if heat convection is neglected, to maintain uniform
temperature on the wafer, we need a uniform heat flux on the
wafer surface which depends on both the desired temperature

[Il. T EMPERATURE UNIFORMITY CONDITION and its rate of change and a heat flux on the wafer edge pro-

Suppose the desired temperature trajectotd,;ig) (K) and portional to the fourth power of the desired temperature. These
the wafer temperature is initially uniform &,(0). If heat conditions will be used for the design of lamp configuration. In
exchange through convection on the wafer edge is neglecté@w of (2.4), expression and some properties of view factors
then to maintain a uniform temperatuiig(¢) on the wafer, I;(r) are derived next.
the irradiation Beg.(t) (W/mm?) that strikes the edge of the

wafer must satisfy
Begge(t) = aTy(t)*
to compensate for radiation heat loss.

(3.1)

From (2.8), if
G(r,t) =0, forallre[0,R) and t>0 (3.2)
then % must satisfy
aB(r,t) 1 {0[h(r)Too(r,t)  Ohe(r),.
_757_“_2{ o o Lty B3

IV. THE VIEW FACTOR: FORMULAS AND PROPERTIES

Since the heat flux distribution generated by the lamps is
given by (2.4), an explicit form of view factoF;(r) as a
function of » is useful for the purposes of lamp arrangement
and temperature control. In this section we derive explicit
formulas for the view factors showing their dependence on
the geometric parameters of the lamps, that is, inner radius,
width and height. Some properties of the view factors are
discussed which is used in Section V for the design of lamp

for all » € [0,R) and¢ > 0 in order to retain temperatureconfiguration.
uniformity. By the axisymmetric arrangement of the RTP
system and the assumption that the surface temperature of eaciew Factor on the Wafer Surface

annular wafer zone with infinitesimal widir is uniform, no
heat conduction occurs at= 0 Thus, the desire®(0, ¢) can

be computed from (2.7) by neglecting the first term on tr}e

right hand side and substitutirii(r, ¢) by Ty(¢). That is,
B(0,t) = oTy(t)* + 1{pHOaTaLt(t)
£

JMMme—nw@ (3.4)

By integrating (3.3) withl'(r, t) substituted byl’;(¢) and using
(3.4), the desired heat flux is given by

B(r,t) = oTy(t)* + l{pHC’aj;;t(t)
£

—mmmwm—nw@ 3.5)

Each lamp in the RTP system has an associated view
factor with the wafer upper surface. Geometrically, there are
Wwo kinds of lamps: those above the wafer (lamps 1-3) and
that circumvallating the wafer (lamp 4). The associated view
factors of lamps 1-3 are derived first.

1) View Factors Associated with Lamps 1-8: simplified
schematic illustrating the geometrical relation between lamp
and the annular wafer zone is shown in Fig. 2. The view
factor from A, to A; is [5]

1 cos? 3
o=/ |

2
where 4; is the surface area (nfhof the jth lamp, A, is the
surface area (mm) of the annular wafer zone with inner radius
7 and width ér, 7 is the distance between two infinitesimal

dA,dA;,  j=1,2,3 (4.1)

for all » € [0, R). Equation (3.5) gives an explicit formulagjements ond; and A, andg is the angle betweerraxis and

for the desired heat flux distribution generated by lamps f

uniform temperature control.

Thus, (3.1) and (3.5) together give a sufficient and necessary

condition for tracking the desired temperature trajecttift)

uniformly across the wafer. If heat convection on the wafer

surface is neglected, condition (3.5) simplifies to
1 g
B(r,t) = oTy(t)* + ngC%(t) (3.6)

for all » € [0,R) andt > 0.

e line containing'. Due to the axisymmetry and the fact that
or is infinitesimal, (4.1) simplifies to

cos? 3
Aj 71'7/;2

Letd;, I; andh; be the inner radius, width and height of the
jth lamp, respectively. To show the dependence of the view
factors on the geometric parameters, we let

f(T,dj,hj,lj):IFj(T), JI 1,2,3.

Fj(T) = dAj, J = 1,2,3 (42)

(4.3)
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By integrating (4.2},
1 7,2 + h2 _ d2
2 /[ d+n)7+ K[(d— )2 + 7]
1 (d+1)2 = h? — 2
2 /[[d+l+r2+R2(d+1—r2+h2
(4.4)
Some properties of the view factor functigifr, d, h, 1) are

listed below.
Property 4.1:

f(rd,h,1) =

af(r,d, h,1)
or

9f(r,d, h, 1)

d
an 5

< 0.
d=0

r=0 >0

Property 4.2: For eachd > 0, h > 0,1 > 0, f(r,d, h,l) as
a function ofr satisfies one of the following.
1) % < 0,vr € (0,R).
2) % > 0, Vr € (0, R).
3) There exists a uniqua, € (0, i) such that% > 0,
Vr € (0,79) and % <0, ¥r € (ro, R).
Remarks: a) Property 4.2 says that @6, R) the view factor

function can only be increasing or decreasing or unimodal
with a unique local maximum depending on the geometri

parametergl, A and!. It will become clear that lamp configu-

ration design to satisfy (3.1) and (3.6) amounts to appropriately
combining these three types of view factor function (by
choosing the geometric parameters and weightings) so as to
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B. View Factor on the Wafer Edge

Suppose the edge of the wafer is illuminated only by lamps
3 and 4 (this can be achieved by making the outer radius of
lamps 1 and 2 less thaR), we then have

Bedge(t) = Fe3B3(t) + Fe4B4(t)-

We assume that the inner radius of lampl3js larger thank.
Since the wafer is thin enough with respect to the wafer
radius, we have the following approximation (see (4.7) and
(4.8) at the bottom of the page). These two integrals do not
depend on the wafer radial coordinateand can be evaluated
by using Mathematica. Note that (4.7) and (4.8) also show the
dependence aof.3 and F., on the geometric parameters.

V. LAMP DESIGN FORUNIFORM TEMPERATURE TRACKING

A. Constraints on the View Factors

Equations (3.1) and (3.6) give the desired heat f(x, ¢)
and B.g(t) for wafer temperature to uniformly tracky(t).
To satisfy (3.1), we have

Fo3Bs(t) + FesBa(t) = oTy(t)* (5.1)
&hd to satisfy (3.6), we have
4
7 F(n)B;(t) = oTu(t)’ + %pHC’aj;;t(t). (5.2)

i=1

minimize the variations of the resulting linear combinationsy,q lamp design problem is to determine the geometric

b) Ford = 0, the lamp becomes a disk-type and formula (4"Barameters of the lamps, which

reduces to one that can be found in [22].

2) View Factor Associated with Lamp Suppose lamp 4
has radiusd, and width L. The corresponding view factor
on the wafer surface is given by

1 1
Fy(r) = 3 + §sgn(r2 —dj+ L%
2 —d3 + L2)2

x\il—[l—i- 4BL?

It turns out that

(4.5)

8F4(7‘)

or

3
2

4rd3L2 ) [(r? = B+ L2)? + 4d3L7)

>0 (4.6)

and henceFy(r) is monotone increasing in € [0, R).

1The integral is evaluated using Mathematica.

F,_, and the functions
F;(r) so that (5.1) and (5.2) have a solutid)(¢). We think
of (5.1), for eacht as a linear equation oB3(t) and Ba(t)
with constant coefficient$,.s and F.4. Equation (5.2) is more
complicated: for each, it represents a set of infinitely many
linear equations, one for eaah Given the properties of the
view factor functiong;(r), it is unlikely that there exisE; (r)
and B;(t) such that (5.2) is satisfiegkactly Our approach to
find an approximate solution is to first choaBeg(t) and By(t)
as independent variables (and thBg(¢) and Bz (t) become
dependent variables) and thendesign#;(r) so that (5.2) is a
linear equation omB;(t) andB4(t) with coefficients which are
almost independent of. The variablesB;(¢), j = 1,2, 3,4,
can then be obtained by solving two linear equations.
More precisely, we let

By (t) = k31 Bs(t) + ka1 Ba(t)
and
Bg(t) = ngBg(t) + k4QB4(t)

Fe3

hs(ycosf — R)y

1 dz+13 cos_l(R/y)
-
a ds —cos— Y (R/y)

~'(R/da)

o dy 4.7)

[y2 + R? + h} — 2yR cos b 2

— Rcosf)(dycost — R)dy

pan L [
' s 0 J—cos~1(R/d4) [yQ + R2 =+ di — 2d4RCOS 9]2

df dy (4.8)
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then (5.2) becomes B. Design to Minimize the Variation of View Factors

IT,(t) We now consider the problem of designing the lamp config-
uration so that the equivalent view factdrg;(r) and F,4(r)
8t(5 3) defined in the previous subsection are almost independent of
r, that is, they are almost constant functions. To quantitatively
discuss what is meant by “almost independent’ofwe need

Fus(r)Bs(t) + Fus(r)Ba(t) = oTy(t)* + pHCEEY

where : 2 ; .
the notation of the variation of a function on an interval [23].
N . . . Definition 5.2 [23]: A partition of an interval[a,b] is a
L, = k3 F° k3o F. 5.4 ) . ’
3(r) 1l (r) + kB (r) + £5(r) ®-4) set of points{xg,x1,...,2m} N [a,b] such thate;; > x;,
and 1=0,1....,m—1, 2o = a, andz,, = b.
Definition 5.3 [23]: Let f be a continuous function on
Fos(r) = kat Fy () + kao Fa(r) + Fu(r). (5.5) [a,b]. The variation of functionf on [«, b] is defined as
We think of F,3(r) and F,4(r) as equivalent view factors Var[f;a,b] = supz |f(z:) = f(ziz1)]
for lamp 3 and lamp 4, respectively. The design is then to i=1

make the functions’,3 and %, almost constant oveld, k|  \yhere the supremum is taken over all possible partitions of
by choosing the geometric parameters and the coefficignts [a, ]

L I_:o:: r?o?vn\?vé a;s%mze thdt,; and F,,, are positive constants Fact 5.4 [23];

3 ud :
(independent ofr), so that (5.1) and (5.3) are two linear @) Zafj[élfl;ta’rl:]ofjsm\f;?:[ay?gfrggr;)ltr(;l:if[a’b] J(r)and the
equations in two variables. For ead(#) and “%”, the If J9 hasy a continucr)y;s derivativ@“. on [a,b], then
equations have a solution, which is shown in (5.6) at the % T
bottom of the page, provideHl, 3 F., — F.3F,4 # 0. Clearly, Var[f;a,b] = f |f(r)] dr- ] ] o
the heat fluxBs(¢) and By(t) must be positive. A useful CI(_aarIy,f is a conste_mt_ fun_cthn if and only if the_varlatlon
sufficient condition for this to hold is the following. of f is zero. Small variation indicates small deviation from a

Fact 5.1: Supposeé?2i® > g the solutionBs(¢) and By(t) constant function. Thus our object is to maKer|[F,s;0, R]
in (5.6) are both posig\t/e if and Var[F,4;0, R] as small as possible. Note that; and
F,4 are, by (5.4) and (5.5), linear combinations Bf(r),

o Ta(t)* i = 1,2,3,4, which are either decreasing, increasing or
Foq> pHC (’)Td(t) Fu (5.7) unimodal concave. The following results are useful in choosing
oTu(t)* + this class of functions to make the variation of the resulting
linear combination small.
and Fact 5.5: Let the functionsf;(r) and f2(r) be, respec-
oTa(t)* + pHC ITu(t) tiyely, monotone degreasing and monotone increasingdr
L3> Tt ) 9t | F.s. (5.8) with continuous derivativeg; (r) and f5(r). Let

C={rela,d]|[fi(r)]>|f2(r)]}
Proof: It follows from (5.7) and (5.8) that

Fugbes = FeaFug > 0. Var[f1; a,b] = Var[f2; a, b]
This together with (5.6) implies thds;(¢) > 0 andB4(t) > 0 then
for all ¢. O
Remarks: a) Another sufficient condition is given by (5.7) Var[fi + f2;a,b] = 2/C[|f{ ()| = | f5(r)]] dr.

and (5.8) with the inequality reversed. This condition is less

useful for lamp configuration design. b) From (5.7) it is Remark: Thus the sum of a monotone decreasing function
clear that to hold uniform temperature at steady state, ignd a monotone increasing one gives smaller variation if they
% = 0, we must havef., > F,,. c) From (5.8) it is have equal variations. Moreover, the variation of the sum is
clear thatF,s/I.s is closely related to an upper bound okero if the setC is empty.

temperature ramp ra@n%.The largerF, 3/ .3 is, the faster  In the lamp configuration proposed, we hayge = 0

the temperature is allowed to ramp up. and thus aFl(’) < 0, i.e. Fi(r) is monotone decreasing

_ 1 pHO 8Td( )
B3(t) - Fe4Fu3 - Fu4Fe3 |:(F€4 B FLA)O—Td( ) + F at (5 6)
. 1 4 pHC 9Ty(t) '
P = PR = Rty | e~ ol = s,
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Fig. 3. Calculated view factorst,s(r) and F,4(r), for the case ofkz; = k3s = 1.

in [0, R]. Hence to produce &3(r), in (5.4), of small and (5.12). Hence, a procedure to obtain a unique design
variation we first findks; F1(r) + F3(r) of smaller variation allows some parameters suchias, ksz, h1, l1, I3, I3, and L

by choosing monotone increasin;(») and ks; such that to be fixed and leaves seven parametBrshz, ds hs, da, ka1,
Varlks; £1; 0, R] = Var[F53;0, R]. If Var[ks; F7 + F5;0,R] # andky, to be found. Although any parameter can be chosen
0, we need a unimodal and conca¥®(r) to further reduce fixed, physical constraints have to be taken into consideration
the variation. This is done by suitably adjusting peak locatidn making the choices. For example, if it is desirable to have
ro of F»(r) to match the peak location df;; F1(r) + F5(r) lamps of compatible sizes, then the parameters,, I3, and

and choosingkss such that L should be chosen fixed.

Var[/i'ggFQ; 0, 7’0] = Var[kglFl + F3; 0, 7’0].

In designingZ’,s(r) of small variation by finding:;, ;; and C- Design Procedure and Examples

d; >0,i=1,2,3, j = 2,3 and ks, k32 > 0, the equations Let H and D be the maximal allowable distance from
describing those requirements are summarized as follows: lamp to wafer and inner radius of a lamp in the RTP system,

o respectively. We summarize the following design procedure
£(0) = I>(R) (5.92) ¢ the case whereéy, 11, ls, I3, and L are fixed andis; =
k31 [F1(0) — F1(R)] = F3(R) — I5(0) (5.9b) kgy = 1.

ArgMin[ksy F1 (r) + F5(r)] = Arg Max Fy(r) 279 (5.9¢)  (S1) Decreasé, from H. For eachh, find d, the inner
rel0.A] rel0.A] radius of lamp 2, so that the corresponding view factor
function I, () satisfiesF»>(0) = F»>(R) and record the

(k1 11(0) + F5(0)] — (ka1 Fi(ro) + Fs(ro)] location at whichF,(r) reaches maximum.

= ka2[I2(r0) — 12(0)] (5.9d) (S2) Decreasés from H. For eachhs find ds, the inner
subject to radius of lamp 3, so that the monotonicity condition
(5.10) is satisfied an®&ar[F7;0, R] = Var[l}3;0, R].
OF5(r) >0 for € (0, R). (5.10) Record the location at whicly(r) + F5(r) reaches
ar ’ ’ minimum.

To consider the design of view factor functidni,(r) we (S3) From the sets found in (S1) and (S2), choose the
first note that by (4.6)F4(r) is monotone increasing. Once combination of F3(r) + Fi(r) and F>(r) such that
parameters of lamps 1 and 2 have been determined from (5.9)  Var[F] + F3;0, R] = Var[F5; 0, R] and the minimum
and (5.10) F,.4(r) of small variation can be obtained following of F3(r) + Fi(r) occurs at the same location as the
the same design approach above by findihg L and ky; maximum of F5(r) does.
such that (S4) Find Fy(r) and k4; such that

/{}41[F1 (0) -F (R)] — F4(R) _ F4(0) Var[k41F1; 0, R] = Var[F4; O,R] and the peak of
T ) N (5.11) ka1 Fi(r) + Fy(r) occurs at the same, as where the
{Arg Min,.cjo, g)[Far F1(7) + Fu(r)] = ro. peak (Of)FQ(T) (OZ:Curs.
The parametek,, is then computed by (S5) Computeky, from (5.12).
kaz = {[kar F1(0) + F4(0)] = [kar Fy(ro) + Fulro)]}/ (S6) Find the upper bound o‘?r%12 by using (5.8) and

make sure that it is large enough.
Ey(rg) — F>(0)]. 5.12
[£5(ro) 2(0)] ( ) Remark: In the design steps (S1), (S3), and (S4), we have
Note that there are 14 design parameters for lamps 1 throughmake sure that the radiation of each lamp on the wafer
4 and we have seven equality constraints listed in (5.9), (5.1%)rface is not blocked by the others.



JAN AND LIN: LAMP CONFIGURATION DESIGN FOR RAPID THERMAL PROCESSING SYSTEMS 81

1101 1100.6

-
1100.5 | 11004} ©
~ ~ \:
S & 11002 S
© 1100 | o 5
3 3 o
® 8 1100| 5
i St bt
[} Q (3
& 10995 | & g
5 5 1099.8] £
[ = o
1099 =
1099.6 |
{
5|
1098.5; - 0o 10994 20 100
r(mm) r(mm) t(sec)
(@ (b) (©
1127 3510
1027 3| | Pa
~ 27| &
3 E 25 4
o 827l S
[ 210
g % 25 B &
5 I & Y | % 1s
o, 1 Re18
g el 5 27 . %’
(]
= oy 1.5 C-YEE N i
527
1L 1p 1 23
1 05} |
L 1B P,
P
827 5 1 0 5 1 0 510
t(sec) t(sec) t(sec)

(d) (e) ®

Fig. 4. Simulation results of type 7 with minimal square error open-loop control law [where- 0.5 andT,;(r,t) = Ta(t)]. (@) T(r,7), (b) T(r, 10),
(0) Max, (o, 10017 (7, t) — Ta(r, )], (d) T'(r,t) 7 =0,1,...,100, (€) Bj(t) j = 1,2,3,4, and (f) power needed for each lamp.

The following example illustrates the design procedure. Thix d3 andhg. Table | lists nine different designs for different
widths of the ring-type lamps and lamp 4 are fixed at 1€hoices ofds and hs, the other fixed parameters ade = 0,
mm and the radius of the disk-type lamp 1 is 25 mm. Thieg, = 100 mm, l; = 25 mm, andl; = I3 = L = 10 mm.
maximal allowable distance from lamp to wafer is 100 mrBimulations are performed for each of the nine designs and
and the radius of the chamber is 200 mm. The Silicon waftéhte upper bound o?‘c;—t(t) for each configurations is calculated
is a disk with radius 100 mm and thickness 1 mm. Under thegsing (5.8). For the ramp-up case, the starting temperature is
assumptions, the solution found by numerical approximation490°C and the final steady-state temperature is 1°kD0Two
ds = 135.8 mm, hs = 49.6 mm, dy = 77.16 mm, hy = 73.2 temperature profiles are considered where profilis defined
mm, dy = 194.5 mm, k4 = 0.0515 and k4> = 0.0468. as
The equivalent view factor&),3(r) and Fu4(r) are plotted in

max. T mm kA fe} aT t
Fig. 3. Note that the ratig———<[:1% F“( )— ) refo.100] Fui(r) T.4(0) = 400°C, #()
is less than 0.006 far= 3, 4. However the ‘maximal allowable t€[0,7)
heating ramp?2(®) of this design [computed by (5.8)] is only = 100°C/s T'4(t)|te[r,20) = 1100°C

11°C/s at 400°C, thus it is not a good design.

It follows from (5.8) that to have Iargéﬁl we must
have F,3 large, and from (5.4) one way to achleve this is to dTs(t)
haveF(r) large. Now sincefs(r) is required to be monotone Tp(0) =400°C, —
increasing or{0, R] large F5(r) can be obtained if we choose
dsz close toR. Hence instead of fixings; and k3; to 1, we =50°Cls TB(t)|t€[14,301 =1100°C.

and profile B is defined as

te[0,14)
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TABLE |
SoLuTioNs FOunD FORdy = 0, hy = 100 mm, {; = 25 mm, andls = I3 = L = 10 mm
I%";‘;‘s d; (mm)| Ay (mm) | d, (mm) | A, (mm) | ry (mm) | d, (mm)| k;, ks, ky kg
1 97 26 67.2566 | 48.89 |65.3917| 246.25 | 4.1743 | 1.6442 | 0.0165 | 0.0043
2 97 24 76.5996 | 71.96 [66.8311| 19595 | 4.5520 | 5.5661 | 0.0496 | 0.0425
3 97 23 83.9923| 87.5 [67.5715| 180.8 | 4.7607 | 11.5470] 0.0753 | 0.1316
4 98 24 84.4422| 88.4 67.609 | 180.13 | 4.5239 [ 11.2532| 0.0768 | 0.1396
5 98 26 71.8002( 60.8 }166.1849| 213.84 | 4.1567 | 2.9491 | 0.0301 | 0.0146
6 100 28 723756 622 166.2713| 211.1 3.7693 | 2.7924 | 0.0342 | 0.0180
7 100 26 84.1770 | 87.87 | 67.587 | 180.53 | 4.0696 | 9.6751 | 0.0759 | 0.1348
8 110 35 79.6668 | 78.6 |67.1692| 188.5 | 2.4858 | 3.6058 | 0.0605 | 0.0709
9 110 37 724916 62.48 |66.2885| 210.54 | 2.3734 | 1.6131 | 0.0347 | 0.0185
TABLE I
ASSOCIATED SIMULATION DATA FOR THE LAMP DESIGNED
Lamp MRP Errl Err2 Err3 Err4 Err5 Err6 P, Py
e | (“Cfsec) | (O co | o 0 co | co | kW) | kW)
1 112 13.0591 6.4908 10.7065 6.2248 4.7527 0.4201 109.19 | 98.453
2 163 12.0450 5.7309 9.8351 5.4609 4.0915 03678 | 79.312 | 66.959
3 226 8.8860 3.9106 7.1367 3.6950 2.7499 0.2470 | 78.230 | 63.444
4 181 7.3934 3.2099 5.9207 3.0282 2.2518 0.2022 | 78415 | 63.413
5 104 11.1584 5.4415 9.1434 5.2011 3.9235 0.3508 | 87.274 | 75.877
6 70 NA NA 6.0383 3.3834 2.5591 0.2278 NA 74.031
7 118.7 5.4234 2.3202 43282 2.1853 1.6254 0.1458 | 78.359 | 63.352
8 33.7 NA NA NA NA NA NA NA NA
9 24.4 NA NA NA NA NA NA NA NA

MRP denotes maximal allowable heating ramp ( ° C/ sec)at 400°C,

= M T(r,1)~ T, (r,?)| and Err2= T(r,20) - T, (r,20)| with 7, (r,1) = T, (t),
Errl re[o,looffe{o,ﬂ' (r,1)~ T, (r,?)| and Err re(‘g’%o]l (r20)~ T, (r20)| with 7, (r,0) = T, (1)

Err3= M T(r,t)—T;(r,¢t d Err4= T(r30)-T,(r,30) withT,(r,t) =T, (1),
IT. re[O,lOO]c,ztxe{O,M)l (r,0)-T;(r )| and £Ir re(K%O]I r30-17,( )| with T, (r,2) = Ty ().

Ers= M T(r,6) =Ty (r,1)| with T(r,0)= T, (r,1) =1100°C,
I re[O,lOO[]l,);e[OJ]I (r,6) =T, (r,0)| with T(r,0)=T,(r,0)

Err6= reo.1 (1)\/651; 6[0’7]1 T(r,0)-T,(r, t)| with T(r,0) = T, (r,t) = 400° C, P, denotes maximal power (kW)

needed when T,(r,t)=T,(¢), and P, denotes maximal power (kW) needed when T,(r,¢) = Ty (¢).

At time ¢ the tracking error for temperature profilB;(t) based on the discrete data given in [25] is used to obtain

is defined asMax,.cjo,100[1(7,t) — Ta(r,t)[. The maximal 78497 x 105 478671 x 106

allowable ramp rate, tracking errors, and maximal power k= 0.575872— 73 + T2
needed for different temperaturg proﬂles are Iisteo! in T:?\b_le Il. 3.10482 x 104 Yy
The results show that the configuration type 7 with minimal + T tm oK

dynamic tracking error and a heating ramp of 118s is
the best among the designs. The temperature performancérlg

further improved by a least square-based open-loop control & 1.66045 x 103 n 13.6744

=0.65765 x 1071 —

discussed in the next subsection. pC 3 12
In simulation, a silicon wafer with diameter 200 mm is 3.755 x 10713 .tm2
equally divided into 200 concentric zones. The temperature on - T UNMtec)”

each of these 200 concentric zones is assumed to be uniform.
Variable-Step-Kutta—Merson integration method [24] is usdd. Least Square Open-Loop Control

to simulate wafer temperature dynamics. Since the parametergy independently controlling these four lamps, several
k andpC are temperature dependent, polynomial curve fittingmp configurations found in previous subsection have the
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TABLE 1l
MAXIMAL TRACKING ERRORS (°C) FOR PROFILE A BY UsING THE OPEN-LoOP CoNTROL LAw

amp p,=0| p,=01|p,=03]p,=05]p,=057| p,=065|p,=08] p, =1

type 1 |4.1347| 3.9489 | 3.6214 3.3428 3.2555 3.1616 3.0015 | 3.1246
type2 }[1.3983| 1.7113 2.2533 2.7014 2.8393 2.9861 3.2332 | 3.5123
type 3 }0.9327| 1.0914 1.3632 1.5861 1.6546 1.7277 1.8511 | 1.9920
type4 [0.7643| 0.9137 1.1707 1.3825 1.4479 1.5178 1.6363 | 1.7725
typeS |1.7717| 1.8532 | 2.3290 2.8281 2.9850 3.1539 3.4427 | 3.7764
type 7 [0.5601| 0.7030 | 0.9497 1.1540 1.2171 * * *

Each entry indicates |T(r,0)— T, (r,0)| with T, (r,t)=T,(1).

Moax
r€0,100], 0,20]
*  The least square solution is not feasible.

capability of maintaining a reasonably uniform temperatureonnegative least square solutions fqr € [0, 1] and type 7
over a range of operating conditions. In this subsection, wiees forp,, € [0, 0.57]. The maximal tracking error is less than
consider an open-loop control based on the minimizatidn22°C with type 7 forp,, € [0,0.57] and it is less than 1.78

of square error. The effect of reflection due to the circul&C with type 4 forp,, € [0,1]. For the types shown, except
chamber is included in the model. In this method, the heat flfr type 1, temperature uniformity deteriorates as the chamber
vector[B; (t) By(t) Bs(t) Bu(t)]T is obtained by finding the reflectivity increases. The increase in maximal tracking error,
least square solution to a linear equation. By finite differené®@wever, is not drastic. From Table Il, it seems that types 3,
approximation to the heat equation, a model in vector matrfxand 7 are better designs. The temperature responses (with

form [4] is given by unit degrees Celsius), heat flux, and lamp power of type 7 are
plotted on Fig. 4 for the case g¢f, = 0.5. In this case, the
T T T B maximal tracking error is less than 1°1&
=D|: |+E|: |+F By (5.13)
2 : : Bs VI. CONCLUSION
Tn Tn TE B, '

We have proposed a lamp configuration design method for
where the wafer is divided intdV concentric zones and achieving temperature uniformity of a RTP system. The basic
the radiosity over each zone is assumed to be unifém, idea is to design the view factors associated with the lamps
i=1,2,...,N —1, is the temperature of thith wafer zone, SO as to minimize the variation of the flux distribution on the
Ty is the temperature of wafer edge, matfixdescribes the wafer surface. In developing the design procedure, we have
effect of conduction, and matricés and ' describe the effect made a number of simplifying assumptions: every lamp is a

of radiation including the chamber wall reflection. black body; the wafer is gray, diffuse and opaque; heat convec-

Given the desired uniform temperatu#g(¢), (5.13) be- tion, the capacitive effect of quartz window and the effect of
comes chamber reflection are neglected. These assumptions together

with the analytic expressions of the lamp view factors made

By T, T, T4 the design procedure analytic in nature. The effectiveness of

d . . .
By| _|. . . the design method is demonstrated through a design example
r =|:|=-D|:|-E|": . . ) . :
Bs y : in which several configurations are obtained. We evaluate the

. '4
By 1 1 1 designs with least square control using a model that includes

) o chamber reflection effect. It turns out that with a 200-mm
where the second term on the right hand side is zero. Rgkfer subjected to 100C/s temperature ramp, some of the
N =201, this is an overdetermined linear equation with foufesigns have maximal temperature deviation in the vicinity of

unknowns. The least square solution is given by 1 °C under various chamber reflectivity conditions. The lamp
B . configurations designed are reasonably good, at least under this
Bl Ty T; ideal condition. In a practical setting, it would be necessary
32 = (FTp)y~tp? A to do experiment with both open-loop and feedback control to
3 . ) . .
B, T, Tj evaluate the merit of the lamp design.
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