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A Novel llluminator Design in a Rapid Thermal
Processor

Min Hung Lee and Chee Wee Lisenior Member, IEEE

Abstract—The instantaneous insertion of an opaque shutter be-
tween the lamp arrays and the wafer in a rapid thermal processor
can significantly increase the ramp-down rate from 90 to 400 C/s
during the cooling period. This shutter can prevent the residual
heating of lamp filament as well as the self-heating from the re-
flector due to the mirror image of the wafer. To compensate for the
weak irradiation intensity close to the edge of the linear lamps, a
multiplane reflector design is used to increase the uniformity of ir-
radiation intensity in the direction along the linear lamps. The dis-
tance between the reflector plane and the linear lamp is designed Fig. 1. A simplified schematic of the configuration of common RTP. In order
to be smaller at t_he edge, Z.is compared to the center, of the_ linear to?ncrease effigiency, asingle planar reflect?)ris commonly placed at one side of
lamp. Together with two oblique reflectors at the ends of the linear e |amp array to reflect the radiation to the wafer at the other side. In method
lamps, a typical three-plane reflector design can increase the uni- | a shutter is inserted instantaneously between the lamp array and the wafer
formity by 60% in a typical lamp configuration. right after the power-off. Both self-heating and residual filament heating can be
suppressed in this method. In method Il, the shutter is inserted between the lamp
array and the reflector. Only the self-heating can be eliminated in this case.

Index Terms—Rapid thermal process, reflector, self-heating,
spike ramp.

thermal chemical vapor deposition (RTCVD) used in man-
ufacturing fabs [7]. The illumination uniformity from lamp
HE PROCESS technology of the ultrathin oxide and tharrays is a prerequisite of temperature uniformity. Due to the
ultrashallow junction in deep-submicrometer devices relifferent chamber configuration (quartz wall or stainless-steel
quires minimizing the thermal budget during the rapid thermailall), intense or weak irradiation of the wafer edge may be
process (RTP) [1], [2]. Recently, the spike ramp becamer@quired. In any case, the reshaping of irradiation intensity from
highly considerable heating technology to reduce the heatitige lamps is necessary to increase the uniformity zone. We
cycle within one second [3]. This rapid ramp technology coulitherefore use a multiplane reflector to reshape the irradiation
heat the wafer over 1000C in several seconds. The typicalintensity of a linear lamp array to extend the uniform irradiation
ramp-up rate is from 50C/s to 400°C/s [4] and is controlled by zone along the linear lamp. Note that the uniformity irradiation
the lamp power and the reflector configuration to maintain treone may not yield the uniform temperature zone due to the
slip-free wafer. For the ramp-down cycle, gas flow conditiongdge effect of the wafer. For a quartz chamber, the gray body
chamber geometry, and physical characteristics of the wafadiation (similar to the black body radiation, but the emissivity
all have effects on the cooling stage. The unforced coolifig less than unity) from the edge could lower the wafer edge
ramp-down rate is 60C/s—80°C/s [5], which is too slow, as temperature. For a stainless-steel chamber, the extra reflection
compared to the ramp-up cycle. This slow ramp-down inde&@wm the chamber wall could increase the edge temperature
prevents the effectiveness of the spike ramp process. The abafpthe wafer. Our method can also apply in both cases, if the
ramp-down of the cooling stage can achieve the ultrashallaetails of the chamber are known.
junction formation after implant anneal, and thus prevents the
short channel effect on deep-submicrometer devices [4], [6].
Although gas switching during the ramp-down cycle could
be a solution, the thermal budget is still not minimized. It is Fig. 1 is a simplified schematic of the configuration in
desirable to increase the ramp-down rate to have an “impuls@mmon RTP using a linear lamp array. The wafer temperature
temperature profile. In this work, we find that a shutter designcreases rapidly by the radiation of a high-power lamp. In order
can enhance the ramp-down rate. We analyzed the shutteincrease efficiency, a single planar reflector is commonly
performance by experiments and numerical simulation. placed at one side of the lamp array to reflect the radiation to
On the other hand, the rigid uniformity requirement ighe wafer at the other side. The residual heat of lamp filament
essential to have rapid thermal oxidation (RTO) and rapihd self-heating are two significant factors to maintain the
wafer temperature after turning off the lamp power. During
the ramp-down cycle, the hot filament in the linear lamps can
Manuscript received March 21, 2000; revised December 19,2000. ot cool down immediately after the power is off, as shown
The authors are with the Department of Electrical Engineering, National . .
Taiwan University, Taipei, Taiwan. in Fig. 2. For example, it takes about 6 seconds to drop the
Publisher Item Identifier S 0894-6507(01)03517-5. temperature from 2000 K to 1000 K in our stainless cold-wall
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Fig. 2. The extracted ramp-down filament temperature as a function of L . . . S
g - P P l9|g.3. The relative intensity of self-heating with respect to total irradiation on
ramp-down time. the wafer

chamber. The residual heat will continue to heat up the wafers

The temperature profile is obtained by fitting the measure 1000 1153 22:: :zzgzggrsnccm
temperature profile with a heat conduction equation [8] S w0 i e . 1000mbar, N22=Osccm 4100
5T Py ' 1000mbar, N;=1000sccm | " z
d-p-Opor = —eoT' =h-(T-Tu) + K-V?T+Q (1) § *° : 3
t 5 \ =1
g— 700 P 60 <
where XS i ! g
e, p,Cp,andK  emissivity, density, and specific heat anc 5 600 ! a0 B
thermal conductivity of Si, respectively; g 500 : g
d thickness of the wafer; I : 20
h convection factor; 400 "
T Stefan-Boltzmann constant 5.67 1012 5 T 0 i " >0
Wiem? K, Time (sec)
Tgas gas temperature;
Q heating source with two components: thé&ig. 4. The wafer temperature profiles measured by pyrometry with different

lamp filament irradiation (including the di- Pressure and Nflow conditions.

rect heating and the reflection from the re-

flector) and the reflector irradiation from be implemented using the design of a camera shutter. We esti-

the wafer itself (self-heating). mate the close time is on the order 10 ms for an 8-in technology
The wafer irradiation reflected back to wafer itself by the rgarocessor if the close time is proportional to the shutter linear
flector is called “self-heating.” The models of these heatingimension [10].
sources are based on [9]. During the ramp-down period, bothTo obtain the fitting parameters in (1), four different cooling
sources are still effective. The residual heating from the fil@onditions were performed under the same lamp power con-
ment is a black body radiation, depending on the filament temiions. Fig. 4 gives the wafer temperature profiles measured
perature (Fig. 2). The relative intensity of self-heating with rdsy pyrometry with different conditions. The four conditions are
spect to total irradiation is given in Fig. 3. Due to its smahigh pressure without Nflow (pressure = 1000 mbar,Nlow
thermal conductivity, the silicon wafer remains relatively hatate = 0 sccm), high pressure with, Mlow (pressure = 1000
after the power-off, and the self-heating of silicon wafer commbar, N; flow rate = 1000 sccm), low pressure without flow
tributes more than 10% of the total power within in the initial 1Qpressure = 1.7 mbar,Nlow rate = 0 sccm), and low pressure
s. The self-heating component peaks up at 2 s and contributgth N- flow (pressure = 3.9 mbar, \Nflow rate = 1000 sccm).
30% of the total power, since the filament temperature drop$ie convection effect due to the gas flow is not important in our
suddenly in this period. reactor, since the 1000 sccm and 0 sccaflaws yield a sim-

To prevent these two sources from heating the wafer, we pil@r cooling profile. Note that, at low pressure without flow,

pose a shutter design in the illuminator. We also assume tlanvection effect is neglected in our simulation.
the shutter is opaque with negligible reflectivity. In method |, Fig. 5 gives the simulated temperature curves with the shutter
a shutter is inserted instantaneously between the lamp ariagertion at low pressure withoutsNflow as well as the ex-
and the wafer right after the power-off. Both self-heating angerimental data without shutter insertion. The solid line and
residual filament heating can be suppressed in this method deshed lines are the experimental data and simulation results,
method I, the shutter is inserted between the lamp array arespectively. It takes 5.4 s from 100@ to 600°C without
the reflector. Only the self-heating as well as the reflection shutter insertion. This value is reduced to be 1.6 s and 2.8 s for
the filament can be eliminated in this case. The shutter couttethod | and method Il, respectively. The initial ramp-down rate
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Fig.5. The solid line and dash lines are experiment data and simulation resufig, 7. The intensity distribution of a typical reflector design. The lamp tube
respectively. The simulation parameters are obtained by fitting the experimereaiigth is 30 cm. The distance between the lamp array and the reflector is 2 cm.
data under no shutter insertion, and the fitting reasonable well. The other tie wafer is 2 cm away from the lamp array.

dash curve are the simulation for method | and method II.
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arrangement of linear lamp tubes is shown in Fig. 1. The wafer
Fig. 6. The instantaneous ramp-down rate of no shutter insertion, methofhlthe reaction chamber was irradiated by infrared ray through
and method Il for low pressure withNlow. the quartz window (not shown in figure). The array is composed

of many linear lamp tubes, and its power can be controlled by
can reach as high as 46C/s and 200°C/s for method | and the individual zone. Therefore, in the direction perpendicular to
method Il, respectively, at the condition of low pressure witie lamp tubes, uniform irradiation distribution can be achieved
N, flow (Fig. 6). The results are significant because the cycle by the multizone control of the lamp power.
ramp-down is usually within several seconds. The ramp-downHowever, in the parallel direction, the radiation intensity pro-
rate is comparable with the ramp-up rate, and the annealing téfle- along the linear tube cannot be controlled, and the intensity
perature profile becomes more symmetrical. of the lamp at both sides is weak (Fig. 7). In order to increase
power, most commercial systems have a single planar reflector
at one side of the lamp array to reflect the radiation to the wafer
at the other side. The intensity distribution from the reflection

In a cross-lamp configuration, there are two banks of line& also shown in Fig. 7. The intensity distribution from the re-

tube lamps on each side of the wafer that are crossed mutaetion is also weak at both sides (Fig. 7). In the processing of
ally. The two-dimensional (2-D) control of the irradiation indarge-diameter wafers, the longer lamp tubes have to be used,
tensity on the wafer can be achieved by adjusting the individua¢cause the uniform zone is much smaller than the tube length.
lamp power of both banks. The proposed passive reflector déiis increases the cost and power consumption. We, therefore,
sign, which adds an extra control along the linear tube directidiesigned a more effective reflector to solve this issue. Note that
in the single-bank configuration, may not be very useful in thie calculation method used in this study can be found in [11].
cross-lamp configuration. However, due to the consideration ofln order to compensate for the weak intensity directly illumi-
the space and cost of the reactor, and the interference of pyrarated by lamp tubes at both sides, the reflector is designed such
etry temperature measurement, the single-bank configurationtiat the side plane is nearer to the lamp tubes than the central
preferred in some applications. Note that the infrared from tipéane. Furthermore, a 4®blique reflection plane is added in
lamp could be taken erroneously as the gray-body signal of thler to reflect the radiation at both ends of lamp tubes back
wafer during the pyrometry temperature measurement. to the wafer (Fig. 8). The reflector now is composed of three

Ill. NOVEL REFLECTORDESIGN
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a5l total intensity - enhances the radiation at both sides and the length of the uni-

form zone increases.

o or T To have the longest uniform zone, the length of the central
Epi ] reflection plane and its distance to the lamp tubes are crucial
= N directly radiated by lamps 1 parameters. If we define the uniform zone to be the area within
= 20F : i ] which the power difference is below 4% (approximately 1% dif-
R I ference in temperature according to black body irradiation), the
£ , ‘ influence of the central reflector length and the distance between
§ O, _.-.—. fefiectediromiampimage op reflector ] the lamp tubes and the reflector plane are shown in Fig. 10(a)and
E <l TS - >N (b), respectively. To obtain the best design of the central reflector
3 reflected from Tamp image on oblique reflection plane 3 lengthL and the distance between the central reflector and lamp
05 00 150 0 250 300 tubesD, we select constard® = 3 cm, and the maximum uni-
The distance along lamp (mm) form zone is achieved when the central reflector lenbtk

10-15 cm, as shown in Fig. 10(a). Then, we select condtant
Fig. 9. The intensity distribution of the novel reflector design. The conditiod3.5 cm, the optimun® = 6 cm is obtained for the maximum
is L = 13.5 cm,D = 6 cm, D, = 2 cm, the distance between lamp array andiniform length of 23 cm, as shown in Fig. 10(b). Although the
wafer is 2 cm with 45 oblique reflectors. . . . .
mathematical optimum design has to be performed in 2-D do-
main consist ofL. and D, this simplified procedure can achieve
—_ . . . . . . . the increase of uniform zone by 60%, as compared to single
g 2101 //\\ ] plane reflector. Note, that the performance of thé 8blique
200 | A \ . reflectors is also shown in Fig. 10(a), but it is inferior to thé 45
oblique reflectors.
J Actually, illumination uniformity of each lamp tube is not
] perfectly the same because of individual difference or time de-
] pendent change for instance. Since the proposed design is pas-
sive, i.e., the reflector can not be adapted during the process,
] the nonuniformity and degradation of the individual lamp lead
8 to reduce the merits of this proposed design but it still have more
a— with 45° oblique reflection plane advantage.than the single flat refle_ctor. However, Fhig gffect will
' ' ' L L L I not be serious as long as the uniformity and reliability of the
0 5 10 15 20 25 30 .
lamp is greatly enhanced.
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. To enhance ramp-down rate, we propose a shutter design in
the illuminator. The shutter could be implemented using the
camera shutter design and can be closed instantaneously after
the power-off. Both self-heating and residual filament heating
can be suppressed. The initial ramp-down rate can reach as high
as 400°C/s. Note that the original ramp-down rate is 90/s

(Fig. 6). Besides, a novel reflector is designed not only to in-

g crease lamp power efficiency, but also to improve the uniformity
parallel to the linear lamp. The reflector has a variable distance
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a0 amp b . . between the lamp and reflector to compensate the nonunifor-
20 30 40 50 60 70 80 mity of lamp irradiation along the linear lamp. Two oblique re-
Distance Between The Central Reflector Plane and The Lamp Tubes D (mm) flectors are also designed on the reflector edges to redirect the

' ) . edge irradiation of lamp ends. The increase of 60% in irradia-
Fig.10. (a) Thelength of uniform zone as a function of the length of the centrapg P

reflection plane. The condition B = 3 cm, D, = 2 cm and the distance betweentlON Uniformity can be achieved in a typical lamp configuration.

lamp array and wafer is 2 cm. The longest uniform zone is achieved for

10-15 cm. (b) The length of uniform zone as a function of the distance between REFERENCES
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