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The use of optical transmission at 1.3 and 1.55 pgm is reported to measure the temperature of
silicon wafers in a rapid thermal processing environment. Physically, as the wafer temperature
increases, infrared transmission drops due to band-gap reduction and an increased phonon
population. This method has been used to measure wafer {emperature with a resolution of
several degrees from 400 to 800 °C, and is compatible with the thick quartz walls of the
processing chamber. As part of this work, the absorption constant of silicon at 1.3 and 1.55 gm

from 400 to 800 °C has also been measured.

The measurement of silicon wafer temperature is, of
course, critical for the conirol of any thermally dependent
process. In this letter we report the use of a new technique to
measure water temperature over the range of room tempera-
ture to 800 °C. The method relies on the temperature depen-
dence of infrared transmission, and is well suited to rapid
thermal processing applications.

In “equilibrinm” environments, where the wafer is sur-
rounded by materials which are the same temperature as the
wafer itself (such as a furnace), one can reliably use thermo-
couples to deduce wafer temperature. In nonequilibrium en-
vironments, where the wafer “sees” surroundings of a differ-
ent temperature, (femperature measurements are a
probiematic issue. In such environments, one frequently
uses pyrometry to measure wafer temperature. The pyro-
metry technique has at least two practical limitations, how-
ever. First, absclute knowledge of temperature depends on
the emissivity of the monitored wavelength, and silicon
emissivity is known to be a strong function of temperature,
wavelength, and surface finish, especially in the range under
600 °C.' Furthermore, at temperatures under 800 °C, it is
common to use pyrometers which operate at long wave-
fengths (e.g., 5 um), and special windows on the processing
chamber are reguired. (Quariz transmission typically drops
off at 2-3 um.) Furthermore, in rapid¢ thermal processing
applications, one must be careful to shield the light from the
lamp banks used for heating from the pyrometer.

Optical absorption in silicon at photon energies near
that of the band gap proceeds by an indirect process of pho-
ton absorption coupled with multiple phonon absorption or
emission. As temperature increases, the phonon population
of course increases and the band gap decreases,” which in
turn give rise tc a corresponding decrease in infrared trans-
mission near the band edge. Therefore, one can use infrared
transmission as a monitor of wafer temperature. For refer-
ence points, the band gap of silicon at room temperature is
1.12 eV, At ~41G°C the band gap is reduced to 0.96 eV,
corresponding to the photon energy of 1.3 gm radiation, and
at 780 °C the band gap is reduced to 0.81 eV, corresponding
10 the photon energy of 1.55 um.” Therefore, one would ex-
pect these wavelength ranges to be especially usefu! for tem-
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peratures up to about 800 °C. Fortunately, quartz is over
90% transparent at these wavelengths, making the method
aseful in 2 quartz-walled system.

A schematic diagram of our experimental rapid thermal
processing system is shown in Fig. 1. A semiconductor faser
at 1.3 or 1.58 pm is electrically modulated and coupled into
an optical fiber. The light from the fiber is then projected
onto the silicon sample, and an optical detector is mounted
beneath the lJamps and refiector assembly. A lock-in amplifi-
er is used to separate the desired signal from the lamp inter-
ference. Because the detected optical signal depends on laser
power, alignment of the detector, etc., the transmission of all
samples is first measured at room temperature. Signals at
high temperature are divided by this cold value to remove
dependence on such systematic variables.

Normalized transmission data for a lightly doped p-type
(~10-50 £ cm) silicon wafer of 450 um thickness are
shown in Fig. 2. Open squares {1.55 um) and triangles (1.3
pm) refer to data taken in the system of Fig. 1. The absolute
temperature was measured by a tungsten-rhenium thermo-
couple (type “C”} which was welded intc the middle of the
semiconductor wafer, providing an intimate measure of wa-
fer temperature.” The open circles (1.55 um) represent data
measured in a conventional furnace tube {adapted for trans-
mission ineasurements) where temperature is measored by a
thermocouple separate from the test wafers. As can be seen,
the two sets of data points at 1.55 gm correspond to within a
few degrees. As expected, the higher energy photons (1.3
pm) have a much lower transmission than the 1.55 gm pho-
tons. Furthermore, the refative transmission decreases faster
as the temperature increases, presumably as the band gap
drops below the photon energy. To use transmission to accu-
rately monitor temperature, a strong relative dependence on
temperature is desired. For example, at 750 °C, a 3% relative
change in transmission at 1.55 um (easily detected by simple
electronics) corresponds to only a one degree change in tem-
perature. Similar resclution is obtained at 600 °C with 1.3
pmm light. In addition to absorption, the transmission will
also depend on the refiection at the silicon surfaces. Extrapo-
lating the temperature dependence of refractive index at 1.4
pm from 500 to 700 °C* and using simple calculations, the
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FIG. 1. Schematic ciagram of the rapid thermal processing system adapted
for infrared transmission measurements.

transmitted power at an air-silicon interface is expected 1o
change by less than 2% from room temperature to 700 °C.
Thus nearly all change in transmission at elevated tempera-
ture results from a change in absorption.

Because of the rough back surface of a sificon wafer, and
absorption from the extra path length, negligible light col-
lected by the detector is thought te undergo multiple reflec-
tions inside the wafer. Therefore, the temperature depen-
dence of transmission through the wafer can be modeled by a
simple ¢ ~*“ relationship, where a is the absorption coeffi-
cient and  is the wafer thickness. From the data in Fig. 2,
one can then easily extract the change in absorption coeffi-
cient at 1.3 and 1.55 gm from room temperature:

a(T) and agy are absorption constants at elevated tempera-
ture and room temperature, respectively, and #{7) is the
transmission at temperature T divided by the room-tem-
perature transmission. Since the room-temperature absorp-
tion in this wavelength range is €1 cm™ ', the expression in
(1) reduces to a( 7T}, which is plotted in Fig. 3. To the best of
our knowledge, this is the first time absorption data for sili-
con at these wavelengths for this temperature range have
been reported. The dominant source of error in these data
(and in Fig. 2} is thought to be the absolute measurement of
the temperature, the error of which is estimated to be less
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FIG. 2. Optical transmission divided by room-temperature transmission at
1.3 and 1.55 gm at elevated temperature.
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FIG. 3. Silicon optical absorption coefficient a( 1) at 1.3 and 1.55 pm at
elevated temperature.

than 1% based on thermocouple and meter specifications.
Therefore, alihough the resolution and repeatibility of the
technigue are ~1°C, the absolute accuracy is at present
~7°C and is limited by the accuracy of the temperature
measurement during calibration. Experiments are in prog-
ress to determine the temperature with greater accuracy dur-
ing the measurement of the absorption constants.

The transmitted signal of course depends on the wafer
thickness, but one can easily correct for different wafer
thicknesses using the ¢ “? relationship. Once the wafer
thickness is known, this method provides for an absolute
measurement of wafer temperature, and should not suffer
from any systematic errors as can OCCur in pyrometry. Sim-
ple calculations show that a 5 gm change in the thickness of a
500 pm wafer will produce an error in temperature (if not
corrected for thickness) on the order of one degree over the
range of practical interest. Therefore, the method is aiso well
suited for the measurement of temperature during epitaxial
growth cycles during which the wafer thickness could
change by a few microns.

Furthermore, the presence of thick diglectric layers on
the surface (such as field oxides), which can affect emissi-
vity and thus pyrometers,® should not affect this technique.
Any interference effects on transmission should be fairly in-
dependent of temperature and can be normalized out by di-
viding by the room-temperature transmission.

In summary, a4 new method for the measurement of the
absolute temperatire of silicon wafers based on infrared
transmission has been proposed and demonstrated. The
methed has a practical resolution on the order of one degree
and can be used through quartz windows. The absoiute ac-
curacy of the method is at present himited to ~7°C, but
more accurate knowledge of absorption constants at elevat-
ed temperature will reduce this error. Although this work
was motivated by rapid thermal processing applications, the
technology is very general and should lend itself well to other
applications. Optical absorption data for silicon at 1.3 and
1.55 pm at elevated temperatures have also been reported.

The authors would like to thank X. Goel, P. Perrier, C.
Reaves, and M. Nardin for assistance with the optical fiber
and laser technology, and I. Powell for preliminary calcula-
tions. The support of the Office of Maval Research (NODO14-
88K-0396), MNational Science Foundation (ECS-

962

Sturm, Schwartz, and Garone




86157229, Texas Instruments, and the NJ Commission on

“F. Lukes, I. Phys. Chem. Solids 11, 342 (1959}.
Science and Technology is greatly appreciated.

SE. D. Palik, ed, Handbook of Optical Constants of Solids { Academic, New
York, 1985), p. 554.

“D. W. Pettibone, I. B. Suarez, and A. Gat, in Proceedings of the Symposium
7. Sato, Jpn. J. Appl. Phys. 6, 339 (1867). of the Materials Research Society, edited by T. O. Sedgewick, T. E. Seidel,
2C, D. Thurmond, §. Electrochem. Soc. 122, 1133 {1975). and B.-Y. Tsanr { Materials Research Society, Pittsburgh, PA 1986), Vol.
} Available from Peak Systems, Fremont, CA. 52, p. 182,
963 Appl, Phys. Lstt., Vol. 56, No. 10, 5 March 1930 Sturm, Schwartz, and Garone 963

e 20WNL0Aded 30.Jul.2002.10.128.112.49.151 Redisiribution-subjeet-to AIP license or copyright; see http://ojps.aip.org/aplo/aplcr.jsp



