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Abstract − The emissivity behaviour of a silicon wafer 

under various conditions was theoretically and 
experimentally investigated. As a result, the quantitative 
relationship between the ratio of p-polarized radiance to s-
polarized one, and polarized emissivities was obtained 
irrespective of the emissivity change of wafers due to the 
oxide film thickness under the wide variations of resistivity. 
Based on the result, we propose a new radiation 
thermometry method that can measure both the temperature 
and the spectral polarized emissivity of the silicon wafer, 
and estimate the uncertainty of the measurements. Currently, 
the uncertainty of the temperature measurement is estimated 
to be 3.52 K (2 k) and 3.80 (2 k) for p-polarization and s-
polarization, respectively, in the temperature range over 900 
K 
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1.  INTRODUCTION 

The inability to obtain an accurate and reproducible 
determination of silicon wafer temperature remains a major 
problem obstructing the achievement of reliable, high-
quality processing. Radiometric temperature measurement is 
crucial in silicon manufacturing processes, because it is a 
non-contact, contaminant-free method [1-3]. The accuracy 
of this method is, however, limited by uncertainties in the 
emissivity of the silicon wafer and of the thin film layers 
deposited or grown on the wafer surface [4-6]. Therefore, an 
emissivity compensated method is inevitably required to 
solve the current difficulties on radiation thermometry [7-8]. 

In this paper, the emissivity behaviour of a silicon wafer 
under various conditions is simulated using a simple 
modelling of the spectral, directional and polarized 
characteristics of thermal radiation. An excellent relation 
between polarized radiances and emissivities is derived from 
the simulated modelling. Successive experiments are carried 
out, resulting in a practical relationship between the ratio of 
p-polarized to s-polarized radiances and polarized 
emissivities that corresponds fairly well with the simulated 
relation. This findings lead to a new radiation thermometry 
method that can simultaneously measure both the 
temperature and the spectral polarized emissivity of the 
silicon wafer. 

In order to accomplish these experiments, a user friendly 
hybrid surface temperature sensor that the authors have 
developed is used for the temperature calibration of the 
silicon wafer [10]. 

The uncertainty of the proposed radiometric temperature 
measurement method is analyzed and estimated. 

2.  EMISSIVITY SIMULATION 

Fig. 1  shows  a  simulation  modelling  which 
comprises a  bare  silicon  wafer with an optically 
smooth surface on which an oxide layer (SiO2) is grown, 
where n1 is the refractive index of air, n2 and n3 are the 
refractive indices of the oxide film and the wafer, 
respectively.  

 

 
 

Fig. 1 Simulation model composed of silicon wafer and oxide layer. 
 

The silicon wafer is opaque at a wavelength of λ=0.9 μm 
because of its band-gap energy of Eg=1.12 eV, thus the 
radiance from the silicon wafer is limited to the media 
between the specimen surface and the oxide layer as shown 
in Fig. 1. Let n1, n2 and n3 be 1.0, 1.45 and 3.65 at λ=0.9 μm 
[11-12]. Extinction coefficients of both the oxide film and 
silicon wafer are negligible at λ=0.9 μm near room 
temperature. 

Directional polarized emissivity, εp(s)(θ1), of the silicon 
wafer at a direction θ1 is derived from the following 
equations [9, 13], 
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where δ is the phase delay of an electromagnetic wave 
inside the oxide film. r12p(s) and r23p(s) are amplitudes of the 
reflection of p- (or s-) polarized waves at the interface 
between air and the oxide film, and the oxide film and the 
silicon wafer substrate, respectively.  
 The p-polarized and s-polarized radiances, Lp(T) and 
Ls(T), at a direction θ1 that are emitted by the silicon wafer 
at a temperature, T, are described, respectively, as 

p p 1 λ,bL T L Tε θ= ⋅( ) ( ) ( ) ,          (8) 

 s s 1 λ,bL T L Tε θ= ⋅( ) ( ) ( ) ,          (9) 
And the polarized emissivity, εp(s)(θ1), is defined as Eq. (10), 
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where Lλ,b(T) is the spectral blackbody radiance at T and λ. 
 Let Rps be the ratio of p-polarized to s-polarized 
radiances. Then, Rps is expressed as 
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 Fig. 2 shows simulated results of directional polarized 
emissivity, εp(s)(θ1), of a bare silicon wafer at λ=0.9 μm. 
 

 
 

Fig. 2 Simulated results of directional polarized emissivity of a 
bare silicon wafer at λ=0.9 μm. 

 
Fig. 3 shows simulated relationships between the ratio of 

polarized radiances, Rps, and polarized emissivity, εp(s)(θ1) at 
θ1=70° and λ=0.9 μm, where oxide film thickness, d, ranges 
between 0 (bare)  and 950 nm. It is apparent from Fig. 3 that 
once the ratio, Rps, is determined from the measurements of 

Lp(T) and Ls(T), then the p-polarized emissivity, εp(θ1), or s-
polarized emissivity, εs(θ1), of the silicon wafer can be 
uniquely obtained irrespective of emissivity variations 
caused by the change of oxide film thickness. This finding 
leads to new radiation thermometry of silicon wafers based 
upon a polarization technique. 
 

 
 

Fig. 3 Simulated relationships between Rps and εp(s)(θ1) at θ1=70° 
and λ=0.9 μm. 

 

3.  EXPERIMENTAL APPARATUSES 

 In order to confirm the simulated results, some 
experiments were achieved. Table 1 shows measurement 
conditions including silicon wafers prepared for experiments. 
Resistivity, ρ, and oxide layer thickness, d, of specimens are 
covered with wide ranges from 0.01 to 2000 Ωcm and from 
30 to 950 nm, respectively. Resistivity is deeply related to 
the impurity concentration of a silicon wafer. Table 2 shows 
a relation between the impurity concentration and resistivity 
of silicon wafers [14]. 
 

Table 1 Measurement conditions for experiments. 
 

Specimen 
n-type silicon wafer, (100) plane 
Dimension: 0.75 mm thick and 76.2 mm diameter (3 in.)
Resistivity: ρ = 0.01, 1 and 2000 Ωcm 
Oxide film (SiO2) thickness: d=30, 150, 350, 550, 750  

and 950 nm. 
Surface roughness: Ra = 0.03 μm (specular) 

Temperature 
      T = 900 to 1000 K 
Wavelength 
      λ = 0.9 μm  

 
Table 2 Relation between impurity concentration and resistivity of 

silicon wafers at room temperature. 
 

Resistivity, Ωcm  Impurity concentration, cm-3 
0.01 ~8 x 1019 

1 ~6 x 1015 
2000 ~3 x 1014 

 
Fig. 4 shows the experimental apparatus for the 

measurement of directional polarized emissivity of silicon 
wafers. The radiance emitted from the area of 2 mm in 



diameter of the specimen surface is divided into p- and s-
polarized radiances by the polarizing beam-splitter cube 
(05FC 16 PB.7, Newport) and transmitted through optical 
fibers, and is finally detected by the polarized radiometer 
(IR-FBWS-SP, Chino) sensitive at a wavelength of 0.9 μm 
[9]. The directional polarized emissivity, εp(s)(θ1), that is the 
ratio of the specimen radiance to the blackbody one at the 
same temperature, is continuously measured at angle, θ1, 
between 0° and 85° in accordance with the rotation of the 
supporting bar. 

 

 
 

Fig. 4 Measurement apparatus of directional polarized emissivity. 
 

 
 

Fig. 5 Hybrid surface temperature sensor developed for the 
temperature calibration of silicon wafers. 

 
 Fig. 5 shows a schematic diagram of a newly developed 
hybrid surface temperature sensor [10]. The tip of this 
sensor includes a rectangular thin film of super alloy, 
Hastelloy (thickness: 30 μm, width: 5mm, length: 17 mm) 
and a sapphire rod (diameter:1.3 mm). Both ends of the thin 
metal film are supported by quartz plates, and its central 
portion of 5 mm in length instantaneously contacts the 
surface of a silicon wafer. The thin film and the sapphire rod 
are spaced closely with the gap of 1 mm. The radiant flux 
from the area (diameter: 2.2 mm) of the rear surface of the 
thin film is incident on the sapphire rod and is transmitted 
through an optical fiber. The radiant flux is then detected as 
radiance signals by a compound sensor comprised of Si and 
InGaAs detectors with sensitivities at 0.9 μm and 1.55 μm, 
respectively. When the emissivity of the rear surface of the 

film is known, the temperature of the film can be derived 
from the radiance signal. At this time, the surface 
temperature of the silicon wafer is accurately determined. 
The response time of this sensor is within 1s. The 
temperature range is 600 K to 1,000 K at the moment. The 
principle of this sensor is based on the assumption that the 
temperature of the thin film is spatially uniform at any 
instant during the transient process [10, 15]. 
 Fig. 6 is an experimental system for the study of the 
emissivity behaviour of silicon wafers composed of the 
polarized radiometer that measures directional polarized 
emissivities (in Fig. 4) and the hybrid surface temperature 
sensor that measures surface temperatures of silicon wafers 
(in Fig. 5). A silicon wafer is put onto the heating furnace 
and controlled at a high temperature between 900 K and 
1,000 K by the temperature controller (KP1000, Chino). The 
surface temperature, T, of the silicon wafer is monitored by 
the hybrid surface temperature sensor, and p- and s-
polarized radiances, Lp(T) and Ls(T) are simultaneously 
measured by the polarized radiometer. The directional 
polarized emissivity, εp(s)(θ1), and the ratio, Rps, in Eqs. (10) 
and (11) are calculated using these signals, respectively. 
 

 
 

Fig. 6 Experimental system for the polarized emissivity 
measurement composed of the polarized radiometer and the hybrid 

surface temperature sensor. 
 

4.  EXPERIMENTAL RESULTS 

We have prepared many silicon wafers with different 
resistivity and oxide film thickness as shown in Table 1 to 
study the reproducibility of the emissivity behaviours that 
were represented by the simulated results in Figs. 2 and 3. 

Fig. 7 shows experimental results of directional 
polarized emissivity, εp(s)(θ1), of a bare silicon wafer (d=0 
nm) with resistivity of ρ=1 Ωcm at T=1000 K and λ=0.9 μm. 
In the figure, the simulated result is also shown with dotted 
line. It is clearly observed that the experimental result  
corresponds well to the simulated one except angles over 
θ1=85 º  because of the technical limitation of an angle 
measurement. 



Fig.  8  compares  simulated  relationships 
between oxide film thickness, d, and polarized 
emissivitity, εp(s)(θ1), with experimental ones at a 
temperature of T=1,000 K, a direction of θ1=30° and a 
wavelength of λ=0.9 μm. Both p- and s-polarized 
emissivities in the simulated results are observed to change 
periodically with increasing film thickness. The 
experimental results, though these are several points,  also 
show similar behaviours as the simulated ones. 

 

 
 

Fig. 7 Experimental and simulated results of directional polarized 
emissivities, εp(s)(θ1), of a bare silicon wafer (d= 0 nm). 

 

 
 

Fig. 8 Experimental and simulated relationships between oxide 
film thickness, d, and polarized emissivity, εp(s)(θ1=30°),  of silicon 

wafers. 
 

 Fig. 9 shows another measurement example of the 
directional polarized emissivities of silicon wafers with 
different oxide film layers, d=30 nm and 150 nm. It is seen 
that both p- and s-polarized emissivities ( εp(θ1) and εs(θ1) ) 
drastically change with the oxide film thickness. These 
emissivity variations result in quite large temperature errors 
in the conventional radiation thermometry. 

Fig. 10 displays experimental results of directional 
polarized emissivities, εp(s)(θ1), of silicon wafers with 
different resistivity, ρ, from 0.01 to 2000 Ωcm, different 
temperature, T, from 900 to 1,000 K. The oxide film 
thickness, d, grown on the wafers is 30 nm. All data of both 
p-polarized and s-polarized emissivities are overlapped 
within some fluctuations in the figure. It is clearly observed 
from the results that both p-polarized and s-polarized 
emissivities largely change with the angle, θ1, but the effect 

of resistivity, ρ, and the temperature, T, on the emissivity are 
little. Similar experiments have been carried out for silicon 
wafers with different oxide films that cover from 30 to 950 
nm thick. The directional polarized emissivity behaves as in 
Fig. 10 under the same oxide film thickness, though it shows 
a different pattern when a thickness, d, is different. 
Uncertainty of the reproducibility of emissivity behaviour is 
analyzed in the section 4. 
 

  
 

Fig. 9 Experimental results of directional polarized emissivities, 
εp(s)(θ1), of silicon wafers with different oxide film thickness (d=30 

and 150 nm). 
 

 
 

Fig. 10 Experimental results of directional polarized emissivity, 
εp(s)(θ1), of silicon wafer of d=30 nm with different resistivity, ρ, 

and temperature, T. 
 

Based on the above experimental results, we considered 
an emissivity-compensated radiation thermometry method. 
 Fig. 11 shows the experimental and simulated 
relationships between Rps, the ratio of the polarized radiance, 



and polarized emissivity, εp(s)(θ1), of silicon wafers at an 
angle θ1 of 70º. Solid lines show the simulated relations, and 
the circles and the square points are experimental data. This 
relations are valid for wide range of resistivity between 0.01 
to 2000 Ωcm, the oxide film thickness from bare (d=0 nm) 
to 950 nm, and the temperature from 900 to 1,000 K. These 
results confirm that there is one-to-one relation between the 
ratio, Rps, and p-polarized or s-polarized emissivities 
irrespective of wide variations of emissivity of silicon 
wafers. This means that once the polarized radiances, Lp(T) 
and Ls(T), are measured and its ratio, Rps, is calculated, p-
polarized emissivity, εp(θ1), or s-polarized one, εs(θ1), at an 
angle, θ1, can uniquely be determined, resulting in an 
accurate temperature measurement. 
 

 
 

Fig. 11 Experimental and simulated relations between Rps and 
εp(s)(θ1) of silicon wafers with wide range of resistivity and oxide 

film thickness at θ1=70º and λ=0.9 μm. 

4.  UNCERTAINTY OF MEASUREMENTS 

Primary factors involved in uncertainties of the 
measurements are (a) hybrid surface temperature sensor to 
monitor the surface temperature of a specimen and (b) the 
measurement principle including a polarized radiometer. 

4.1. Hybrid surface temperature sensor 
The uncertainty of (a) a hybrid surface temperature 

sensor has been analysed in detail in a separate paper [16]. 
Uncertainty sources are fluctuation of the hybrid sensor, 
radiometer output repeatability, fluctuation of the silicon 
wafer surface, emissivity variation of the pseudo-blackbody 
coatings and fluctuation of the temperature distribution of a 
specimen surface. Overall uncertainty, uh, caused by the 
hybrid surface temperature sensor is estimated to be 1.06 K. 

4.2. Experimental relation of measurement principle  
The uncertainty sources of (b) the measurement principle 

are mainly divided into two parts; (i) the polarized 
radiometer that detects p- and s-polarized radiances of 
silicon wafers and (ii) the deviation from the experimental 
relationship between the ratio of polarized radiances, Rps and 
polarized emissivity, εp(s)(θ1).  

(i) uncertainty of the polarized radiometer in Fig. 4 is 
composed of the output repeatability, ur, that is given by the 
manufacturer (Chino) and temperature fluctuation, ua, in air. 

ur is specified as 0.70 K at 1,000 K and the ua is measured to 
be 0.24 K at 1,000 K. 

(ii) uncertainty of the experimental relationship of the 
measurement principle is caused by the deviation, ur, from 
the Rps-εp(s)(θ1) relation.  

The experimental relationships between Rps and εp(s)(θ1) 
in Fig. 11  are expressed as shown in Eqs. (12) and (13) for 
p- and s-polarizations, respectively, using the method of 
least squares, 

For p-polarization, 
p 1 ps0.1019 0.6572Rε θ = × +( ) ,          (12) 

and for s-polarization, 
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 The standard deviations of measured emissivities, σp, 
and σs, for p- and s-polarizations are 0.016 and 0.010, 
respectively. The standard deviations of converted 
temperatures, up and us, originated from the deviations of the 
emissivities, σp and σs, are calculated using the following 
equations [17], 
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where the representative values of polarized emissivities, εp 
and εs, are 0.85 and 0.45, respectively, that are measured at 
900 K to 1000 K and λ=0.9 μm are taken as εp(s) to calculate 
up(s). 
 up and us are calculated as 1.18 K and 1.39 K at T=1,000 
K, respectively. 

4.3. Other factors 
All measurement signals including the polarized 

radiances of the radiometer and the hybrid surface 
temperature sensor are transformed and processed by an 
A/D converter (Model NR-1000, Keyence) to obtain digital 
quantities having a resolution of 16 bits and a sampling rate 
of 100 ms. The uncertainties of all digitized signals are 
neglected, because the resolution is less than 0.1 K at 
reduced temperature. 

4.4. Overall uncertainty 
 Overall standard uncertainty, uoverall, is calculated 

from the following Eq. (16), 
2 2 2 2
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 The overall uncertainty of the radiation thermometry 
based on a polarized technique is shown in Table 3. The 
expanded uncertainty, uexpanded, (k=2) of the measurement 
principle is 3.52 K for p-polarization, and 3.80 K for s-
polarization, respectively at the moment.  

The uncertainty of this radiation thermometry will be 
much reduced when the improvements of the hybrid surface 
temperature sensor and the polarized radiometer are 
performed. 
 



Table 3 Uncertainty budget for the radiation thermometry based 
upon the polarized technique at T=1,000 K. 

 
Uncertainty source                                                               ui / K 

(a) Hybrid surface temperature sensor                              uh=1.06 
(b) Measurement principle 
      (i) Polarized radiometer output                                    ur=0.70 
          Temperature fluctuation in air                                 ua=0.24 
      (ii) Experimental relation of measurement principle 
          Deviation of polarized emissivity                            

up=1.18
                                                                                            us=1.39 
uoverall                                                                          p-polarization      1.76 
                                                                 s-polarization       1.90 
uexpanded (k=2)                                           p-polarization       3.52 
                                                                 s-polarization       3.80 

5. CONCLUSIONS 

Emissivity behaviour of silicon wafers was 
comprehensively investigated from both simulated and 
experimental aspects. 

Some concluding remarks are summarized as follows, 
1. Polarized emissivity of silicon wafers largely and 
cyclically  changes with the oxide film thickness, d. 
2. Experimental results of polarized emissivities of silicon 
wafers that cover wide range of resistivity, ρ, from 0.01 to 
2000 Ωcm correspond well with simulated ones at high 
temperatures over T=900 K and a wavelength of λ=0.9 μm. 
This means that resistivity closely relevant to impurity 
concentration do not affect the emissivity of silicon wafers 
over 900 K. 
3. The emissivity-compensated radiation thermometry using 
the relationship between Rps that is the ratio of polarized 
radiances and polarized emissivity, εp(s)(θ1), is very 
promising. Currently, the overall uncertainty (k=2) of the 
method is estimated to be 3.52 K for p-polarization use, and 
3.80 K for s-polarization use, respectively, in the 
temperature range over 900 K, irrespective of large 
emissivity variations and wide change of resistivity. 
4. The hybrid surface temperature sensor is proved to be a 
powerful device to calibrate the surface temperature of 
silicon wafers. 
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