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Abstract The temperature dependence of silicon wafer transmittance is well
understood, and is caused by various absorption mechanisms over a wide spectral
range. As the wavelength increases, the photon energy decreases until it becomes lower
than the minimum energy gap in the silicon band structure. At this point, which is often
referred to as the absorption edge wavelength, there is a rapid drop in absorption. The
absorption edge shifts to a longer wavelength with increasing temperature, because
the bandgap narrows with increasing temperature. Experiments were carried out with
varying wavelength (900 nm to 1700 nm), polarization (p- and s-polarized), and direc-
tion (from normal to 80°), using specimens with different resistivities (0.01 2 - cm
to 2000 2 - cm). A characteristic curve relating the absorption edge wavelength and
temperature was obtained for all of the silicon wafers, despite their differing resis-
tivity. This method enables in situ temperature measurements of silicon wafers from
room temperature to 900 K, using wavelengths to which the wafer is semitransparent.
In this article, an experimental apparatus and measurement results are described in
detail, and several remaining problems are discussed.

Keywords Absorption edge wavelength - Bandgap energy - Silicon wafer -
Transmittance

1 Introduction

The temperature measurement of a silicon wafer is important for the precise control of
any thermally dependent manufacturing process. The difficulty of obtaining an accu-
rate, reproducible measurement of wafer temperature, however, remains a principal
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problem obstructing high-quality processing [ 1-3]. In semiconductor processing, non-
contact temperature measurement of wafers is crucial, because it is contaminant-free.
Radiation thermometry is a typical method meeting this requirement [4], but its accu-
racy is limited by the uncertainty in the emissivity of the silicon wafer and the thin
film layers deposited on the wafer, such as oxide films. The radiative properties of
silicon wafers are complex, and change during processing [4-9]. In order to over-
come this problem, we developed a radiation thermometry method that enables the
simultaneous measurement of emissivity and temperature of a silicon wafer, based
upon a polarization technique [10]. This method is, however, limited to relatively high
temperatures above 900K, at which the wafers are opaque. We are currently investi-
gating an alternative non-contact measurement method that can be used at relatively
low temperatures with semitransparent silicon wafers.

The temperature dependence of the wafer transmittance is well understood.
There are various absorption mechanisms over a wide spectral range [5,7,11-14].
As the wavelength increases, the photon energy decreases until it becomes lower than
the minimum energy gap in the silicon band structure. At this point, there is a rapid drop
in absorption, which is often referred to as the absorption edge wavelength A.. This
edge shifts to a longer wavelength with increasing temperature, because the bandgap
narrows with increasing temperature.

We designed a measurement system to determine the relationship between the
absorption edge wavelength and temperature. Experiments were carried out at various
wavelengths (A = 900 nm to 1700 nm), polarizations (p- and s-polarized), and direc-
tions (0 =normalto80°), on specimens with various resistivities (p = 0.01 2 - cm
to 2000 €2 - cm) that corresponded with different impurity concentrations doped into
a silicon wafer. A characteristic curve relating the absorption edge wavelength and
temperature of a silicon wafer was obtained. Once the absorption edge wavelength
was measured, the temperature was uniquely determined from this relationship. In this
article, an experimental system and measurement results are described in detail, and
several remaining problems are discussed.

2 Experimental Apparatus

Figure 1 shows an experimental system with a heating furnace in vacuum for transmit-
tance measurements of a silicon wafer. Figure 2 shows a photograph of this experimen-
tal system. A collimated light beam originating from a tungsten—krypton bulb (SL-1,
StellarNet) and delivered through an optical fiber was irradiated upon a silicon wafer
(20mm in diameter) inside the vacuum furnace. After the light transmitted through
the silicon wafer was divided into polarized components by a polarizer (10LP-NIR,
New Port), it arrived at a monochromator, and was detected by InGaAs array sensors
(EPP2000-NIR-InGaAs 512, StellarNet). Spectral radiance signals from 900nm to
1700nm were processed. The temperature of the furnace was measured by a K-type
thermocouple embedded in a silicon wafer for temperature calibration of the specimen
location in the furnace, as shown in Fig. 1. The size of the thermocouple-embedded sil-
icon wafer was the same as that of the specimen wafer. The specimen temperature was
assumed to be the same as the temperature reading from the embedded thermocouple,
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Fig. 1 Experimental system with a heating furnace in vacuum for transmittance measurement of a silicon
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Fig. 2 Photograph of the experimental system

because thermal equilibrium was maintained in the furnace. The distance between the
optical systems for irradiation and detection was about 600 mm.

The transmittance t of a silicon wafer at temperature 7 in the furnace was calculated
by the following equation:

E—E
r=—""1 (1)
E. — Ey

where E is the transmitted radiance signal through the silicon wafer, E; the reference
radiance signal not transmitted through the silicon wafer, and E, the noise radiance
in the furnace.

In this study, an absorption edge wavelength A, is defined as a wavelength when
the transmittance t reached 0.01. Figure 3 shows the procedure used to measure the
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Fig. 3 Double beam optical system for the transmittance measurement

transmittance t using a double beam optical system, where E;, E;, and E, were mea-
sured by the mirror arrangements shown in (a), (b), and (c), respectively.

3 Measurements

Table 1 lists sample specifications and measurement conditions. Table 2 shows the rela-
tionship between the resistivity and impurity concentration doped in a silicon wafer
[15].

Several experiments were carried out to determine the general behavior of the sil-
icon wafers in connection with the temperature, wavelength, resistivity, polarization,
and direction.

Figure 4 shows the experimentally determined relationship between the temperature
T and spectral transmittance 7 for a silicon wafer with a resistivity of p = 12 - cm
Similarly, Fig. 5 shows experimental results demonstrating the onset of an absorption
edge wavelength A, for the same specimen used in Fig. 4. It is clear from Figs.4 and 5
that the transmittance t decreased with increasing temperature 7, and the absorption
edge wavelength A, shifted to a longer wavelength with increasing 7. At 1073 K, the
transmittance essentially became zero.
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Table 1 Specifications of
specimens and measurement
conditions

Table 2 Relationship between
impurity concentration and
resistivity of silicon wafers at
room temperature [15]

Fig. 4 Experimental relations
between temperature 7 and
spectral transmittance t for a
silicon wafer with p = 1 Q- cm
at 0° (wavelength as a
parameter)

Specimen

N type silicon wafer
Orientation: (100)
Dimensions: thickness t = (0.5, 0.75, 2.0) mm, diameter = 20 mm
Resistivity: p = (0.01, 0.1, 1.0, 60, 2000) €2 - cm

Oxide film thickness (SiO3): d =(0 (bare), 200, 350, 550, 750
and 950) nm

Surface condition: roughness R; = 0.03 wm (specular)

Measurement conditions
Wavelength: 1 = 900nm to 1700 nm

Polarization: p- and s-polarized components

Direction: 0° to 80° (from the normal to the surface)
Temperature: 7= 300K to 1073K

Atmosphere: in air and in vacuum (~ 1073 Pa)

Resistivity, p (2 - cm)

Impurity concentration (em™3)

0.01 ~8x 101
1 ~6x 101
2000 ~3x 104
0.6 T
- | 1Q-cm 1350 nm
0.5 i
o~ . <0 1450 nm
0.4 E—%\/ |
_ \ \\kﬁ-lsso s
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Figure 6 shows the experimentally determined directional polarized transmittance
7 of a silicon wafer with a resistivity of p = 1 - cm at A = 1550 nm in the temper-
ature range between 300K and 1073 K, for (a) p-polarization and (b) s-polarization.
A characteristic pattern of polarized transmittance was clearly observed. Both p- and
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Fig. 5 Experimental relations
between wavelength A and
transmittance t for a silicon
wafer with p = 1 Q - cm at 0°
(temperature as a parameter)

Fig. 6 Experimental results of
directional polarized
transmittance t for a silicon
wafer with p = 1 Q- cm at

A = 1550nm at 6 = 0° to 80°
and 7= 300K to 1073K
(temperature as a parameter):
(a) p-polarized and

(b) s-polarized
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Fig. 7 Experimental relations 1.0
between temperature T and |
transmittance t of silicon wafers 0.8 | 1
with different resistivity p at 2000 Q-cm
6 =0° and » = 1550 nm g | ' 60 Q-cm
(resistivity as a parameter) g 0.6 . 1
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Z i 1Q.
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s-polarized transmittance decreased with increasing temperature, finally disappearing
at 1073 K.

Figure 7 shows the experimental relationship between the temperature 7 and
transmittance t of silicon wafers with different resistivities at A = 1550nm. The
curves representing the temperature dependence t for most wafers overlapped, but
the wafer with p = 0.01 - cm was so heavily doped with impurities that electro-
magnetic waves penetrating the substrate interacted with electrons, resulting in a large
reduction of transmittance.

Figure 8 shows the experimental relationship between the direction 6 and absorption
edge wavelength A. of a silicon wafer with 1 Q2 - cm and the effect of polarization.
A for p-polarization at a specified temperature remained constant independent of the
direction 6, while A, for s-polarization moved to longer wavelengths with increasing
angle 6. This phenomenon was caused by a decrease in s-polarized transmittance at
large angles, as shown in Fig. 6b.

Figure 9 shows experimental results demonstrating the effect of oxide film thick-
ness d on absorption edge wavelength. This phenomenon may have been caused by
an interference effect due to multiple reflections of radiation between the surfaces of
the oxide film and the silicon wafer.

Similarly, Fig. 10 shows the effect of the wafer thickness ¢ on the absorption
edge wavelength A., which shifted to longer wavelengths with increasing thickness
t. This was caused by a decrease in transmittance with increasing ¢. Therefore, the
thickness change must be compensated for in the measurement of the absorption edge
wavelength.

Based on these experimental results, many additional experiments were performed
to determine a quantitative relationship between the temperature and absorption edge
wavelength.

Figure 11 shows this experimental relationship between the temperature 7 and
absorption edge wavelength A in the temperature range from 300 K to 900K at0 = 0°,
with silicon wafers of resistivity p from 0.1 €2 - cm to 2000 €2 - cm. This relationship
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Fig. 8 Experimental relations
between direction 6 and
absorption edge wavelength Ae
of a silicon wafer with

p = 1% - cm (temperature as a
parameter): (a) p-polarized and
(b) s-polarized

Fig. 9 Experimental relations
between oxide film thickness d
and absorption edge wavelength
Xe of silicon wafers with
p=1Q-cmatf =0°
(temperature as a parameter)
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Fig. 10 Experimental relations
between wafer thickness ¢ and
absorption edge wavelength Ae
for a wafer with p = 1 Q2 - cm at
6 =0°and T =300K

Fig. 11 Experimental relation
(T—Xe relation) between
temperature 7" and absorption
edge wavelength A of silicon
wafers with p = 0.1 Q- cm to
20002 - cm at @ = 0° and the
comparison with Jellison’s
model
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was named the 7—-A. relation. As a consequence, once the absorption edge wavelength
is measured, the temperature of a silicon wafer can be uniquely determined.
The absorption edge wavelength A, was originally defined as [15]

€

124 % 10°

m] (2)

Eq

where E; is the bandgap energy in eV of a semiconductor. E of a silicon wafer is
1.12eV at room temperature, and decreases with increasing temperature.

According to Jellison’s model [16], the bandgap energy E¢(T) of the silicon wafer
in Eq. 2 is expressed in the following equation as a function of temperature 7:

Eo(T) = E4(0) —

AT?

B+T ®

where A = 4.73 x 107*eV - K~!, B = 635K, and E,(0) = 1.155¢V.
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Fig. 12 Experimental relations 1.0 T T
between oxide film thickness d i
and p-polarized transmittance © 8 =55
of silicon wafers with 0.8 0=0 /
p =12 -cmati=1550nm
where 8 = 0°, 55°, and 75° )
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The absorption edge wavelength A, according to Jellison’s model was calculated
using Eqs. 2 and 3, and these are depicted in Fig. 11. There was a difference of about
100 nm between the A.’s from Jellison’s model and the authors’ experimental results.

Figure 12 shows experimental relationships between the oxide film thickness d and
p-polarized transmittance 7 of silicon wafers (p = 1 - cm) at A = 1550 nm for
angles & = 0°,55°, and 75°. The transmittance t remained unchanged at 6 = 55°
independent of the wide changes in oxide film thickness, while t seemed to periodi-
cally change with increasing film thickness at 0° and 75°. Therefore, the p-polarized
transmittance at & = 55° is a good choice for the measurement of the absorption
edge wavelength, because variation of the oxide film thickness does not affect the
measurement. The angle of 55° is the Brewster angle between the oxide film (SiO;)
and air.

4 Conclusions

A non-contact temperature measurement technique for silicon wafers, based on the

shift of the absorption edge wavelength under various conditions such as impurity

doping concentration, oxide film thickness, wafer thickness, and polarization, was

investigated in vacuum and in air at temperatures ranging from 300K to 1073 K.
The following conclusions were reached:

(1) An experimental relationship between the temperature 7" and absorption edge
wavelength A. (a T-X relation) was obtained for silicon wafers with a resistivity
greater than p = 0.1 Q - cm, and for temperatures between 300K and 900K at
which Si wafers are semitransparent. From this relationship, the temperature of
a silicon wafer can be determined from the measurement of A..

(2) The precise measurement of the absorption edge wavelength of silicon wafers
with a resistivity less than p = 0.01 2 - cm is difficult because of their low
transmittance.
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The thickness ¢ of a silicon wafer affects the measurement of A.. Therefore, in
general, one must correct for any variation in ¢.

P-polarization is preferable for measuring A of silicon wafers with oxide films.
Furthermore, measuring the p-polarized transmittance at & = 55° enables the
measurement of A, without any oxide film thickness variation effect.

The experimentally obtained XA was shorter by about 100 nm than that obtained
from Jellison’s model. This problem remains unsolved.

The uncertainty in temperature measurement using the 7-A relation has not yet
been analyzed. This will be a high-priority future investigation.

The background radiation noise from heating sources should be avoided when
applying the 7—X. relationship to a real process. This problem is currently under
investigation.
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