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ABSTRACT 
    In rapid thermal processing of a semiconductor wafer, 
temperature-rising-time is the same order of heating-time, 
and so keeping a given temperature-rising-speed of the 
wafer during the temperature-rising process is important.  
We made an experimental apparatus to measure the 
temperature-rising-speed of a ceramic ball of 2 mm in 
diameter heated with four halogen lamp heaters.  The 
temperature change of the ceramic ball was measured and 
the heating rate of the halogen lamp heaters was controlled 
by a personal computer to keep a given temperature-rising-
speed 50°C/s with controlling-time-interval 0.1 s.  We 
examined the effect of various heating control methods on 
the error of the temperature-rising-speed of the ceramic 
ball.  We tested the PID-control, the control with a 
prepared correlation, and the combined method of control 
with prepared correlation and PID-control.  We found that 
the combined method is a good method to decease the error 
of the temperature-rising-speed.  The average error of the 
temperature-rising-speed is 0.5°C/s and the repetition error 
is almost zero for the temperature-rising-speed 50°C/s during 
330°C to 370°C.  We also measured the effects of artificial 
control-delay-time and measuring-error of the monitor 
temperature on the error of the temperature-rising-speed.  

INTRODUCTION 
    In the heating process of manufacturing semiconductors, 
silicon wafers are heated to 900°C in order to diffuse impurity 
atoms (arsenic, boron, or phosphorus) into the silicon substrate 
and to oxidize it.  Schematic views of a typical lamp heating 
apparatus are shown in Fig. 1.  Many lamps are arranged on 
the upper side of a cylindrical apparatus.  A silicon wafer is 
placed below the lamps and heated to 900°C.  A shielding 
ring is placed around the wafer to produce uniform heating of 
wafer.  Recent advances in VLSI technology incorporate 
shallow junctions and a thin oxidation film, which require rapid 

heating by lamp heaters for about ten seconds at about 900°C 
after heating-up rate of 100°C/s with lamp heaters.  
Temperature-rising-time is the same order of the heating-
time, and so keeping the given temperature-rising-speed of  
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Fig. 1  Lamp heating apparatus 
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the wafer during the temperature-rising process is very 
important for uniform heating.  On the other hand, surface 
condition of each wafer is different and unexpected 
disturbances occur during heating process.  Therefore 
optimum heating control conditions are still determined by 
many experiments.   
    Some works on control methods of temperature 
distribution in wafers under lamp heating have been reported.  
Sorrell et al. [1] reported a simple heating control method using 
one-dimensional model.  Norman [2] reported a dynamic 
heating control method of many independent lamp-heaters to 
minimize temperature distribution in the wafer.  Aral et al. [3] 
reported optimum heating control method using local linear 
transforming function.  Choi et al. [4] and Yang et al. [5] 
reported analytical and experimental works using learning 
approach for heating control of wafers.  Lin et al. [6] reported 
accuracy of 0.8°C during temperature-rising process of 
100°C/s by using inverse heat transfer method.  The authors 
[7, 8, 9] studied the effects of the temperature monitoring 
positions and the number of heating zones on temperature 
distribution in the wafer.  Also, the effects of various heating 
control methods on the error of the temperature-rising-
speed of 100°C/s were examined with numerical simulation.   
    In the present work, the effects of various heating control 
methods on the error of the temperature-rising-speed of 
50°C/s were measured experimentally.  Also, the effects of 
the artificial control-delay-time and measuring-error of the 
monitor temperature on the error of the temperature-rising-
speed were measured. 

EXPERIMENTAL APPARATUS 
    Experimental apparatus is shown in Fig. 2.  In this 
work, we measured temperature-rising-speed of a ceramic 
ball in a cylindrical apparatus.  As it was difficult to measure 
precise temperature-rising-speed of a silicon wafer, we used a 
simple ceramic ball.  The cylindrical apparatus is copper, 50 
mm in diameter and 50 mm in height.  Wall of the apparatus is  
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Fig. 2  Experimental apparatus 

cooled by water, and the inside surface was polished by a sand 
paper #2000.  The ceramic ball is 2 mm in diameter and it is 
placed in a quart tube of 2.5 mm in diameter to reduce effect 
of air convection.  The center temperature of the ceramic ball 
was measured by a K-type thermocouple of 0.2 mm in 
diameter, and it is used as a monitoring temperature in the 
control.  Four lamp heaters are placed upper and lower parts 
of the apparatus.  Total maximum power of the four-halogen 
lamp heaters is 1200 W.  Controlling-time-interval is 0.1 s and 
the given temperature-rising-speed is 50°C/s.  The heating 
rate of the halogen lamp heaters was controlled at each 
controlling-time-step using the monitoring temperature of the 
ceramic ball by a control system composed with a personal 
computer, a power controller and a thyristor.  Average error of 
temperature-rising-speed, amplitude of oscillation, and 
repetition error were evaluated during 330°C to 370°C, which 
is most stable temperature-rising period for our experimental 
apparatus. 

CONTROL METHODS OF TEMPERATURE-RISING-
SPEED 
    In this work, five control methods are examined.  
Method (A) is the PID-control of heat generation using 
temperature difference ∆T between the given temperature and 
the monitoring temperature.  The given temperature is a 
function of time.  Heat generation is calculated by following 
equation using temperature difference ∆T as the parameter ∆X. 
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where, P, I, D are constants, and Qmax is maximum heat 
generation.  Optimum PID constants were determined by 
advance experiments as P=0.0075 K-1, I=1 s, and D=0.1 s.  
The PID-control is the most popular control method.  
    Method (B) is the PID-control using the difference of the 
given temperature-rising-speed and the monitoring 
temperature-rising-speed.  Heat generation is calculated by 
Eq. (1) using the difference of the temperature-rising-speed as 
the parameter ∆X.  Optimum PID constants were determined 
by advance experiments as P=0.001 s/K, I=0.1 s, and D=0.01 s.  
    Method (C) is the control method of heat generation with 
a prepared correlation among temperature, heat generation, and 
temperature-rising-speed.  The correlation is obtained in 
advance experiments with constant powers of heat generation 
at every 10% from 10% to 80% of the maximum power.  The 
80% of the maximum power of lamp heaters was the allowable 
maximum capacity of the thyristor in our experimental 
apparatus.  Fifth order correlation equation is obtained with 
the method of least squares.  This is a simple method of the 
learning control method.   
    Method (D) is the combined method of control with the 
prepared correlation (method (C)) and the PID-control using 
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temperature difference (method (A)).  Heating rate was 
obtained by multiplication of both control values.  Optimum 
PID constants were determined by advance experiments as 
P=0.00003 K-1, I=100 s, and D=0.001 s. 
    Method (E) is the combined method of control with the 
prepared correlation (method (C)) and the PID-control using 
difference of temperature-rising-speed (method (B)).  
Optimum PID constants were determined by advance 
experiments as P=0.0000025 s/K, I=0.1 s, and D=0.01 s. 

EXPERIMENTAL RESULTS OF EFFECT OF CONTROL 
METHODS ON ERROR OF TEMPERATURE-RISING-
SPEED 
    Figures 3 and 4 show experimental results of the 
temperature changes, and Figs. 5, 6 and 7 show the 
temperature-rising-speed for the methods (A)-(E).  Table 1 
shows the average error of temperature-rising-speed, amplitude 
of oscillation, and repetition error for various control methods 
during 330°C to 370°C.  In Table 1, we can find that the 
average error of the method (B) is large, and the repetition error 
of the method (C) is large.  Average error of the temperature-
rising-speed is small as 0.5°C/s for the methods (D) and (E) 
during 330°C to 370°C.  Their repetition errors are almost 
zero, because the control methods worked well.  The  
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Fig. 3  Temperature change for (A), (C) and (D) 
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Fig. 4  Temperature change for (B) and (E) 

combined methods (D) and (E) of control with the prepared 
correlation and the PID-control are good methods to decease 
the error of temperature-rising-speed, because main heating 
rate is determined by the correlation and noise errors are 
reduced by the PID-control.  In this work we evaluated the 
temperature-rising-speed during 330°C to 370°C, and the 
results are similar to other temperature range. 
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Fig. 5  Temperature-rising-speed for (A), (C) and (D) 

 

0

10

20

30

40

50

60

70

80

0 2 4 6 8 10
Time　(s)

T
e
m
p
e
r
a
t
u
r
e
 
r
i
s
i
n
g
 
s
p
e
e
d
 
(
℃
/
s
)

(B): PID control of speed

(E): Combined control (B) and (C)

 330～370℃

 
Fig. 6  Temperature-rising-speed for (B) and (E) 
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Fig. 7  Temperature-rising-speed for (E) 
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EFFECT OF CONTROL-DELAY-TIME AND 
MEASURING-ERROR ON ERROR OF TEMPERATURE-
RISING-SPEED  
    In actual control system, there are control-delay-time 
and measuring-error of the monitor temperature.  We 
measured the effects of artificial control-delay-time of 0.1 s 
and artificial measuring-error of ±0.5°C at each controlling-
time-interval 0.1 s on the error of the temperature-rising- 
speed.  The given temperature-rising-speed is 50°C/s. 
Figures 8 and 9 show the temperature-rising-speed for the 
method (E) of control with the prepared correlation and the 
PID-control with artificial control-delay-time of 0.1 s and 
artificial measuring-error of ±0.5°C.  Table 2 shows 
experimental results of the effect of the control-delay-time 
and the measuring-error of the monitor temperature on error 
of temperature-rising-speed for various control methods 
during 330°C to 370°C.  The values of the change of average 
error in Table 2 show difference from the temperature-rising-
speed without the control-delay-time and the measuring-
error.  We can find that effect of control-delay-time of 0.1 
s is not so large, because it is less than delay of temperature 
response of our experiment, which is about 0.4 s as shown 
later.  The change of average error of the method (C) is as 
large as the repetition error shown in Table 1.  Estimated 
error of the temperature-rising-speed by the effect of 
artificial measuring-error of ±0.5°C with controlling-time-
interval 0.1 s is ±5°C/s.  Effect of measuring-error of 
monitor temperature is small for the methods (D) and (E).  
The measuring-error of ±0.5°C increases amplitude of 
oscillation 1.5°C/s for the method (E) (Fig. 9).  It is less than 
the estimated error (±5°C/s) because of the control. 

EFFECT OF CHANGE OF GIVEN TEMPERATURE-
RISING-SPEED 
    Next, we measured effect of change of given temperature-
rising-speed during process.  It is sometimes required in actual 
manufacturing process.  The given temperature-rising-speed 
changed from 50°C/s to 25°C/s at 275°C and from 25°C/s to 
50°C/s at 325°C in our experiments.  Figures 10 and 11  
 

Table 1  Errors of temperature-rising-speed for various 
control method during 330°C to 370°C 

 Average 
error 

Amplitude of 
oscillation 

Repetition 
error 

(A): PID-control of 
temperature 0.9°C/s 1.1°C/s < 0.1 °C/s

(B): PID-control of 
speed 6.6°C/s 0.5°C/s < 0.1 °C/s

(C): Control with 
prepared correlation 0.5°C/s 1.0°C/s 5 °C/s 

(D): Combined 
control (A) and (C) 0.5°C/s 0.8°C/s < 0.1 °C/s

(E): Combined 
control (B) and (C) 0.3°C/s 1.0°C/s < 0.1 °C/s

show experimental results of the temperature change and the 
temperature-rising-speed for the method (E) of control with the 
prepared correlation and the PID-control.  The right column 
of Table 2 shows effect of changing the given temperature- 
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Fig. 8  With artificial control-delay-time 0.1 s for (E) 
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Fig. 9  With artificial measuring-error ±0.5°C for (E) 

 
Table 2  Effects of control-delay-time, measuring-error 

of monitor temperature, and changing target speed on 
error of temperature-rising-speed 

Effect of control-
delay-time of 0.1 s 

Effect of measuring-
error of monitor 

temperature ±0.5°C

Change 
target 
speed 

 

Change of 
average 

error 

Ampli. 
of oscil. 

Change of 
average 

error 

Ampli. 
of oscil.

Ampli. 
of oscil.

(A) +0.1°C/s 0.6°C/s +0.2°C/s 1.5°C/s 3°C/s 

(B) +0.2°C/s 1.0°C/s +2.2°C/s 1.5°C/s 1°C/s 

(C) -2.1°C/s 1.0°C/s -5.6°C/s 0.5°C/s 1°C/s 

(D) +0.1°C/s 1.0°C/s -0.4°C/s 1.0°C/s 5°C/s 

(E) +0.3°C/s 1.0°C/s +0.2°C/s 1.5°C/s 3°C/s 
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rising-speed on error of temperature-rising-speed for various 
control methods during 330°C to 370°C.  We can find delay 
of temperature response is about 0.4 s (Fig. 11) and amplitude 
of oscillation of error is 3°C/s for the method (E). 

SUMMARY 
    We examined the effect of five heating control methods 
on the error of the temperature-rising-speed of 50°C/s.  
Following results were obtained. 
    1. The combined methods ((D) and (E)) of control with 
the prepared correlation and the PID-control are a good method 
to decease the error of the temperature-rising-speed.  The 
average error of the temperature-rising-speed is 0.5°C/s and 
the repetition error is almost zero during 330°C to 370°C. 
    2. We measured the effects of artificial control-delay-time 
of 0.1 s and artificial measuring-error of ±0.5°C at each 
controlling-time-interval 0.1 s on the error of the temperature-
rising-speed.  The measuring-error of ±0.5°C increases the 
amplitude of oscillation of error 1.5°C/s for the combined 
method (E). 
    3. When the given temperature-rising-speed changed from 
50°C/s to 25°C/s, the amplitude of oscillation of error is 
3°C/s for the combined method (E). 

ACKNOWLEDGMENTS 
    Authors thank to Mr. Tetsuya Urimoto and Mr. Naoki 
Morimoto of Kobe University for helping experiment.  Part of 
this research was supported from Japan Science for the 
Promotion of Science through Grant-in-aid for Science 
Research (C) 22560199. 

REFERENCES 
[1] Sorrell, F. Y., Harris, J. A., and Gyurcsik, R. S., 1990, “A 

Global Model for Rapid Thermal Processors, IEEE 
Transactions on Semiconductor Manufacturing,” vol.3, no.4, 
pp. 183-188. 

[2] Norman, S. A., 1992, “Optimization of Transient 
Temperature Uniformity in RTP Systems, IEEE 
Transactions on Electron Devices, vol.39, no.1, pp. 205-207. 

[3] Aral, G., Merchant, T. P., Cole, J. V., Knutson, K. L., and 
Jensen, K. F., 1994, “Concurrent Engineering of a RTP 
Reactor: Design and Control,” Proceedings of 2nd 
International Rapid Thermal Processing Conference  
(RTP'94), pp. 288-297. 

[4] Choi, J. Y., and Do, H. M., 2001, “A Learning Approach of 
Wafer Temperature Control in a Rapid Thermal Processing 
System,” IEEE Transactions on Semiconductor 
Manufacturing, vol.14, no.1, pp. 1-10. 

[5] Yang, D. R., Lee, K. S., Ahn, H. J., and Lee, J. H., 2003, 
“Experimental Application of a Quadratic Optimal Iterative 
Learning Control Method for Control of Wafer Temperature 
Uniformity in Rapid Thermal Processing,” IEEE 
Transactions on Semiconductor Manufacturing, vol.16, no.1, 
pp. 36-44. 

0

100

200

300

400

500

0 2 4 6 8 10

Time (s)

T
e
m
p
e
r
a
tu
r
e
 
(
℃

)

 
Fig. 10  Temperature change with changing speed 

 

0

10

20

30

40

50

60

0 2 4 6 8 10

Time (s)

T
e
m
p
e
r
a
t
ur
e
 
r
i
s
i
n
g
 s
p
e
e
d
 
(
℃

/s
)

 
Fig. 11  Temperature-rising-speed with changing speed 

 
[6] Lin, S., and Chu, H. S., 2001, “Thermal Uniformity of 12-in 

Silicon Wafer in Linearly Ramped-Temperature Transient 
Rapid Thermal Processing,” IEEE Transactions on 
Semiconductor Manufacturing, vol.14, no. 2, pp. 143-151. 

[7] Hirasawa, S., and Uchino, T., 1997, “Analysis of 
Temperature Variation in a Semiconductor Wafer during 
Rapid Thermal Annealing with Lamp Heaters,” 
International Center for Heat and Mass Transfer, 
International Symposium on Manufacturing and Materials 
Processing, vol. 2, pp. 863-873. 

[8] Hirasawa, S., Suzuki, T., and Maruyama, S., 2001, 
“Optimal Heating Control Condition to Unify Heat Flux on 
a Wafer during Rapid Thermal Processing with Lamp 
Heaters,” Proceedings of 9th International Conference on 
Advanced Thermal Processing of Semiconductors (RTP 
2001), pp. 210-216. 

[9] Hirasawa, S., and Toda, S., 2007, “Precise Control Method 
to Keep Given Temperature Rising Speed during Rapid 
Thermal Processing with Lamp Heaters,” 2007 ASME 
International Mechanical Engineering Congress and 
Exposition, IMECE2007-41237. 

5 Copyright © 2011 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




