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Modeling Radiative Properties of Silicon with Coatings
and Comparison with Reflectance Measurements
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Achieving high-accuracy temperature measurements in rapid thermal processing using radiation thermome-
try requires knowledge of the optical properties of silicon and related materials, such as silicon dioxide, silicon
nitride, and polysilicon. However, available optical property models lack consistency and are not fully validated
by experiments at the wavelength and temperature ranges critical to radiation thermometry. A critical survey is
given of the existing optical models, with emphasis on the need for extrapolation and validation. Also described is
an algorithm for calculating the radiative properties of lightly doped silicon with coatings. The effect of coatings
covering one or both sides of a smooth silicon wafer is theoretically studied at room temperature, as well as at
elevated temperatures. A spectrophotometer was used to measure the reflectance for selected samples in the wave-
length region from 0.5 to 1 µm at room temperature. The measurements agree well with the predicted reflectance
for bare silicon, a silicon wafer with a nitride coating, and wafers with an oxide coating of different thicknesses,
whereas a larger deviation of as much as twice the measurement uncertainty is observed for a silicon wafer coated
with polysilicon and oxide films.

Nomenclature
d = thickness, µm
k = extinction coefficient
n = refractive index
T = temperature, ◦C
α = absorption coefficient, cm−1

ε = emittance
θ = polar angle, deg
λ = wavelength in vacuum, µm
ρ = reflectance
σst = standard error of estimate
τ = transmittance
τi = internal transmittance

Subscripts

a = air
b = bottom
c = calculation
f = thin film
m = measurement
s = substrate
t = top

Introduction

T HE continual development toward shrinking device sizes and
increasing patterning density has made conventional batch fur-
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naces inadequate for a number of processes. In the mean time, rapid
thermal processing (RTP), which is a single-wafer integrated cir-
cuit fabrication process, has become a key technology for semicon-
ductor device manufacturing in a variety of applications, such as
thermal oxidation, annealing, and thin-film growth.1,2 Temperature
measurement and control have been a critical issue for continu-
ous improvement and implementation of RTP to meet the require-
ments of technology development.3 In RTP, the heating source is at a
much higher temperature than that of the silicon wafer, and radiative
energy exchange is a dominant mode of heat transfer. Therefore, un-
derstanding the radiative properties of silicon and other relevant ma-
terials is critical to analyze the thermal transport processes. Because
many RTP furnaces use a noncontact radiometric temperature mea-
surement scheme, accurate determination of the wafer emittance is
necessary for correlating the radiance temperature to the true tem-
perature of the wafer.4

Radiative properties such as reflectance, transmittance, and emit-
tance depend on direction and wavelength, as well as wafer temper-
ature. The radiative properties are also affected by thin-film coatings
and surface roughness. The effect of surface roughness on radiative
properties has been the subject of many studies.5−8 For optically
smooth surfaces, radiative properties can be theoretically calculated
based on the thickness of each material in the multilayer structure
and their optical constants.9,10 Similarly, the optical constants gen-
erally depend on the wavelength of the incident radiation and the
temperature of the silicon wafer.

There have been numerous studies on the optical and radia-
tive properties of silicon materials. The fundamental physics of
the crystalline structure, electron and phonon dispersion, and scat-
tering mechanisms has been well established.11 The absorption
processes, associated with the band-gap absorption, free-carrier ab-
sorption, and lattice absorption, are well understood. Model expres-
sions, which relate the optical constants or sometimes the dielectric
function to wavelength and temperature, have been developed to
cover certain spectral and temperature ranges with good accuracy.
However, even though numerous functional expressions for the op-
tical constants of silicon exist, none of them covers the entire range
of wavelengths and temperatures of interest. The extrapolation of
some of the expressions to the wavelength region between 0.8 and
1.0 µm, which is important for radiation thermometry, and to tem-
peratures above 500◦C is necessary. Furthermore, when expressions
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from different research groups are extrapolated to the same wave-
length and temperature ranges, the differences in the calculated op-
tical constants are significantly larger than the required uncertain-
ties, especially at high temperatures, as will be shown in the next
section.

Hebb12 incorporated the functional expressions for the optical
constants of silicon into an algorithm based on thin-film optics to
calculate the radiative properties of silicon wafers with various dop-
ing levels. The software, known as Multi-RAD, has been used by
others as a tool to predict the radiative properties.13 Because dif-
ferent expressions for the refractive index of silicon were used,
there appears to be a discontinuity, which becomes more promi-
nent at elevated temperatures, in the calculated reflectance spec-
trum of lightly doped silicon at the wavelength λ = 0.8 µm. Fur-
thermore, the adopted expression for the refractive index of sil-
icon at wavelengths longer than 0.8 µm has not been fully val-
idated. Timans14 comprehensively reviewed the radiative proper-
ties of semiconductors and other relevant materials. Although the
expressions from different sources were provided and the limita-
tions addressed, he did not address the issue of discontinuity or
uncertainty in the extrapolation of different model expressions be-
yond the wavelength or temperature range suggested in the original
publications.

The ultimate goal of this project is to identify and, if needed, to
develop reliable and experimentally validated optical property mod-
els that cover the spectral and temperature ranges of importance for
RTP applications. The present paper provides a critical survey of
the existing functional expressions for the optical constants of sil-
icon. A computational algorithm is described for calculating the
radiative properties of a dielectric substrate with thin-film coatings
on one or both sides. A spectrophotometer is used to measure the
specular reflectance of five samples in the wavelength region from
0.5 to 1.0 µm at room temperature. By a comparison of the mea-
sured and calculated reflectance, this work evaluates the reliability
of the expressions for the refractive index of silicon and coating
materials.

Survey of Optical Property Models
The optical constants, including the refractive index n and the

extinction coefficient k of a material, are functions of wavelength
and temperature. They also depend on the crystalline structure
and doping and impurity levels. In the present work, emphasis is
given to lightly doped (doping concentration ≤1015 cm−3) single-
crystal silicon because of its common use in the semiconductor
industry.

Measurement data of the optical constants of silicon over wide
wavelength regions at room temperature can be found in Ref. 15.
However, fewer experimental data exist at high temperatures. Sato16

was the first to study comprehensively the emittance of silicon
wafers by a direct measurement, as well as by deducing it from
the reflectance and transmittance measurements in the temperature
range between room temperature and 800◦C. However, the refrac-
tive index values based on his experimental data are consistently
higher than those obtained from recent studies. In this section, sev-
eral expressions of the optical constants of silicon are reviewed and
compared to determine the most suitable model.

Refractive Index of Silicon
Jellison and Modine17 measured the ratio of the Fresnel reflec-

tion coefficients of silicon wafers in both polarization states with
a two-channel spectroscopic ellipsometer in the temperature range
from 25 to 490◦C. From the measurement results, they extracted the
refractive index and extinction coefficient using the least-squares
Levenberg–Marquardt fitting. The Jellison and Modine (J–M) ex-
pression of the refractive index for wavelengths between 0.4 and
0.84 µm is given as

nJ–M(λ, T ) = n0(λ) + β(λ)T (1)

where

n0 =
√

4.565 + 97.3

3.6482 − (1.24/λ)2

β(λ) = −1.864 × 10−4 + 5.394 × 10−3

3.6482 − (1.24/λ)2

where λ, in micrometers, is the wavelength in vacuum and T , in de-
grees Celsius, is the temperature. These units will be used throughout
this paper for all expressions.

Li18 extensively reviewed the refractive index of silicon. By care-
fully analyzing published experimental data, he developed a func-
tional relation, based on the modified Sellmeier-type dispersion re-
lation, for the refractive index of silicon that covers the wavelength
region between 1.2 and 14 µm and the temperature range up to
480◦C. In Li’s original expression, the temperature unit was Kelvin,
and in the following equations, we have converted it to degrees
Celsius:

nL(λ, T ) =
√

εr (T ) + g(T )η(T )/λ2 (2)

where

εr (T ) = 11.631 + 1.0268 × 10−3T + 1.0384 × 10−6T 2

− 8.1347 × 10−10T 3

g(T ) = 1.0204 + 4.8011 × 10−4T + 7.3835 × 10−8T 2

η(T ) = exp
(
1.786 × 10−4 − 8.526 × 10−6T

− 4.685 × 10−9T 2 + 1.363 × 10−12T 3
)

Magunov19 and Magunov and Mudrov20 measured the temper-
ature dependence of the refractive index at 1.15 and 3.39 µm and
empirically approximated measurement results and built a relation
that covers the wavelength region between 0.6 and 10 µm, in the
temperature range from room temperature to 430◦C. The Magunov
and Mudrov (M–M) expression is

nM−M(λ, T ) = 3.413 + 1.782 × 10−4T + 4.365 × 10−8T 2

+ (
0.1635 + 2.400 × 10−5T + 1.389 × 10−7T 2

)
λ−2.33 (3)

Figure 1a shows the refractive index of silicon at 25 and 800◦C,
for wavelengths from 0.5 to 1.5 µm. The refractive index decreases
slightly as the wavelength increases. The squares indicate the refrac-
tive index data collected in Ref. 15. Notice that all of the expressions
are extrapolated to 800◦C. At room temperature, the refractive index
values based on each expression agree well with the data in Ref. 15.
Because no experimental data exist at wavelengths between 0.84
and 1.1 µm, the J–M and the Li expressions are separately extrap-
olated to this wavelength region, which is between the two vertical
dash–dot lines. The refractive index obtained from these expressions
differs when compared in the extrapolated region, and the difference
becomes larger at higher temperatures. A difference in the refractive
index may cause an error in the prediction of radiative properties
and in the temperature measurement by radiation thermometers. For
example, when extrapolated to 1000◦C at a wavelength of 0.95 µm,
the refractive index calculated from the J–M and M–M expressions
are 3.877 and 4.012, respectively. The difference in the refractive
index of 0.135 will result in an error of 2% in the calculated nor-
mal emittance of a bare silicon wafer. The effect on a radiation
thermometer is a temperature error of more than 2◦C. Note that
many radiation thermometers commonly used for RTP applications
operate at around 0.95 µm. Therefore, thorough study of the radia-
tive properties in the wavelength region between 0.80 and 1 µm is
important.
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a)

b)

Fig. 1 Optical constants of silicon at selected temperatures: a) refrac-
tive index and b) absorption coefficient; two vertical dash–dot lines,
extrapolation region of expressions for optical constants of silicon.

Extinction Coefficient of Silicon
The extinction coefficient k and absorption coefficient α are re-

lated by α = 4πk/λ. The absorption coefficient of silicon depends
on the absorption process such as interband transition, intraband
transition, and free-carrier absorption. When the photon energy is
higher than the band gap energy of silicon, electrons in the valance
band can be excited to the conduction band, resulting in a large
absorption coefficient. The J–M expression of the extinction coeffi-
cient, covering the wavelength range from 0.4 to 0.84 µm, is given
as17

kJ–M(λ, T ) = k0(λ) exp{T/[369.9 − exp(−12.92 + 6.831/λ)]}
(4)

where

k0(λ) = −0.0805 + exp

[
−3.1893 + 7.946

3.6482 − (1.24/λ)2

]

The absorption coefficient can be deduced from the extinction co-
efficient.

Timans21 measured the emission spectra of several silicon wafers
in the longer wavelength region and deduced the absorption coeffi-
cient in the wavelength region from 1.1 to 1.6 µm, in the temperature
range between 330 and 800◦C. He suggested that the absorption co-
efficient can be expressed as a summation of the band-gap absorption
and free-carrier absorption, as follows:

α(λ, T ) = αBG(λ, T ) + αFC(λ, T ) (5)

The expression for the band-gap absorption can be found in the work
by MacFalane et al.22 and is given by

αBG(λ, T ) =
4∑

i = 1

αa,i (λ, T ) +
2∑

i = 1

αe,i (λ, T ) (6)

Notice that silicon is an indirect-gap semiconductor and that the
absorption process is accompanied by either the absorption of a

phonon, denoted by αa,i (λ, T ), or the emission of a phonon, denoted
by αe,i (λ, T ). Detailed expressions for αa,i (λ, T ) and αe,i (λ, T ) can
be found in Refs. 14 and 21. The band-gap absorption disappears
at wavelengths longer than that corresponding to the energy gap
(modified by the phonon energy).

For the free-carrier absorption, Sturm and Reaves23 suggested an
expression based on their measurement of the transmission of the
wafer at 1.30 and 1.55 µm and in the temperature range of 500 to
800◦C. The Sturm and Reaves (S–R) expression is

αFC = ne Ae + nh Ah (7)

where ne and nh are electron and hole concentrations and Ae and
Ah are electron and hole absorption cross sections, respectively. The
S–R expression agrees well with experimental results in the wave-
length region between 1.0 and 1.5 µm, but departs from experiments
at longer wavelengths. Vandenabeele and Maex24 studied the free-
carrier absorption of silicon in the infrared region by measuring the
emission from double-side-polished silicon wafers at wavelengths
of 1.7 and 3.4 µm, in the temperature range from 400 to 700◦C.
They proposed a semi-empirical relation for calculating the extinc-
tion coefficient as a function of wavelength and temperature due to
free-carrier absorption. The Vandenabeele and Maex (V–M) expres-
sion is

αFC(λ, T ) = 4.15 × 10−5λ1.51(T + 273.15)2.95 exp

( −7000

T + 273.15

)

(8)
Here again, T is in degrees Celsius. Rogne et al.25 demonstrated
that the absorption coefficient calculated from the V–M expression
agrees well with experimental data in the wavelength region between
1.0 and 9.0 µm at elevated temperatures.

The absorption coefficient of silicon at 25 and 800◦C is shown
in Fig. 1b. The squares represent the values converted from the ex-
tinction coefficient in Ref. 15 and the plus-marks indicate the data
by Saritas and McKell.26 Because no theoretical functions exist in
the wavelength region between 0.84 and 1.1 µm, the J–M expres-
sion is extrapolated to longer wavelengths, whereas the expression
by Timans coupled with the V–M free-carrier absorption formula is
extrapolated to shorter wavelengths. When extrapolated, the absorp-
tion coefficient calculated from the J–M expression drops to zero
at wavelengths longer than about 1 µm. Note that the J–M expres-
sion is extrapolated to elevated temperatures, whereas the Timans
expression is extrapolated to room temperature because the original
expression was developed at 300◦C and above. The agreement be-
tween the calculated extinction coefficient values and the measured
data from both Refs. 15 and 26 is very good at room temperature.
However, as in the case of the refractive index, the disagreement
between the expressions increases with temperature. Furthermore,
no experimental data are available above 800◦C for wavelengths
shorter than 1.1 µm.

Other Materials
Because of a lack of experimental data, assumptions have to be

made for the optical constants of silicon-related materials such as
silicon dioxide, silicon nitride, and polycrystalline silicon (polysil-
icon), as commonly done in the literature.12,14 The absorption co-
efficients of silicon dioxide and silicon nitride are assumed to be
negligible in the wavelength region from 0.5 to 2 µm. The refrac-
tive indices are mainly based on the data collected in Refs. 27 and 28
and are assumed to be independent of temperature. A semi-empirical
expression for the refractive index of silicon dioxide can be found
in Ref. 29 and is used in the present study. The refractive index of
silicon dioxide is expressed as

nSiO2 =
(

1 + 0.6961663λ2

λ2 − 0.06840432
+ 0.4079426λ2

λ2 − 0.11624142

+ 0.8974794λ2

λ2 − 9.8961612

) 1
2

(9)
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In the wavelength range between 0.5 and 1 µm, the refractive index
of silicon nitride is assumed as a second-order polynomial of the
wavelength and fitted to the data in Ref. 28. The fitted refractive
index of silicon nitride is

nSi3N4 = 0.1073λ2 − 0.2420λ + 2.133 (10)

The optical constants of polysilicon may be different from those
of single-crystal silicon because of the presence of the grain bound-
aries. The main difference between polysilicon and single-crystal
silicon is that the absorption edge of polysilicon is broader due to
the additional long-wavelength absorption.30 The refractive index is
slightly higher and the extinction coefficient is several times greater
than those of single-crystal silicon at wavelengths shorter than the
band-gap wavelength, but the differences become smaller at longer
wavelengths.14,31,32 However, the characteristic of polysilicon de-
pends largely on the grain structure resulting from different deposi-
tion conditions. In the present study, the optical constants of polysil-
icon are assumed to be the same as those of single-crystal silicon.
The error caused by assuming the optical constants of polysilicon
as the same as those of silicon will be further investigated.

Modeling the Radiative Properties
of Silicon with Coatings

Because most silicon wafers are thick enough to be opaque in
the wavelength range between 0.5 and 1.0 µm, the silicon substrate
can be regarded as a semi-infinite medium. Therefore, the wafer
with thin-film coatings in the opaque region can be modeled as a
multilayer structure of thin films. Consequently, the transfer-matrix
method can be used to calculate the radiative properties of a silicon
wafer with thin films in the opaque region.9 In the semitranspar-
ent region, interferences in the silicon substrate are generally not
observable because the wafer thickness is much greater than the
coherence length. The incoherent formulation or geometric optics
should be used to predict the radiative properties of the substrate.
Two ways to get around this problem are to use the fringe-averaged
radiative properties and to treat thin-film coatings as coherent but
the substrate as incoherent.10

Figure 2 shows the geometry of the silicon wafer with thin-film
coatings on both sides. Note that ρta and τt are the reflectance and
transmittance, respectively, of the multilayer structure at the top
surface (air–coatings–silicon) for rays incident from air, assuming
that the silicon extends to infinite. On the other hand, ρts and τt are
for rays incident from silicon. Note that the transmittance τt is the
same when absorption inside silicon is negligibly small.33 Similarly,
ρbs and τb are for the multilayer structure at the bottom surface for
rays incident from the substrate. In present work, the optical property
of air is assumed to be the same as that of vacuum. The transfer-
matrix method can be separately applied to calculate the reflectance
and transmittance at the top and bottom surfaces of the wafer by
neglecting the absorption of silicon. The absorption of silicon can be

Fig. 2 Schematic of thin-film coatings on both sides of thick silicon
substrate.

taken into consideration by introducing the internal transmittance
τi = exp(−4πksds/λ cos θs). Here, ks is the extinction coefficient
of silicon, ds is the thickness, and θs is the angle of refraction.
The angle of refraction is complex due to absorption. For a slightly
absorbing medium with ks � 1, however, θs can be determined using
Snell’s law by neglecting absorption (see Ref. 34). Consequently,
the radiative properties of the silicon wafer with thin-film coatings
in the semitransparent region can be expressed as14

ρ = ρta + τ 2
i τ 2

t ρbs

1 − τ 2
i ρtsρbs

(11a)

τ = τiτtτb

1 − τ 2
i ρtsρbs

(11b)

ε = 1 − ρ − τ (11c)

Because silicon is essentially opaque in the wavelength region
from 0.5 to 1.0 µm and the extinction coefficient is several orders
smaller than the refractive index (k � n), small discrepancies in the
absorption coefficient can be neglected in calculating the reflectance
or emittance. As an extreme case, if we set the extinction coefficient
of silicon to be zero at 0.5 µm and room temperature, the calculated
reflectance of a bare silicon wafer at normal incidence differs by
only 1.16 × 10−4 from the calculated value using k = 0.073 from
Ref. 15. In the present study, the absorption coefficient of silicon is
determined from the J–M expression at λ < 0.9 µm and the Timans
expression at λ ≥ 0.9 µm.

When the refractive index of silicon is calculated, the J–M expres-
sion is used in the wavelength region from 0.5 to 0.84 µm, and the Li
expression is used at wavelength above 1.2 µm. In the wavelength
range between 0.84 and 1.2 µm, we propose a weighted average
based on the extrapolation of the two expressions

navg = (1.2 − λ)nJ–M + (λ − 0.84)nL

1.2 − 0.84
(12)

where nJ–M is the refractive index extrapolated from the J–M expres-
sion, nL is from the Li expression, and, again, λ is in micrometers.
When the weighted average of the extrapolated expressions is taken
as given in Eq. (12), the predicted radiative properties of silicon will
be continuous between 0.5 and 5 µm. Therefore, the discontinuity in
the predicted radiative properties that is observed in the Multi-RAD
can be removed.12 Notice that beyond 6 µm or so, lattice vibration
causes additional absorption and can also affect the refractive index
of silicon.

Calculated Results
Figure 3 shows the calculated reflectance for semi-infinite silicon

(opaque) with or without coatings, at normal incidence. Because the

Fig. 3 Room-temperature reflectance of bare silicon and silicon sub-
strate with silicon dioxide coating of 300 nm and 800 nm, respectively;
substrate assumed to be semi-infinite.
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a)

b)

Fig. 4 Silicon wafer, 0.7 mm thick, coated with 300-nm silicon dioxide
layer on single side and both sides: a) reflectance and b) transmittance.

refractive index of silicon dioxide (around 1.45) is smaller than that
of silicon, the reflectance with a coating is always lower than that
of bare silicon. The oscillation in the reflectance is due to inter-
ference in the silicon dioxide coating. The free spectral range is
determined by �λ/λ2 = (2n f d f )

−1, where �λ is the separation be-
tween adjacent interference maxima and n f and d f are the refractive
index and thickness of the thin film. The spectral separation �λ in-
creases toward longer wavelengths. As the film thickness increases,
the free spectral range decreases, resulting in more oscillations with
the 800-nm silicon dioxide film.

Figure 4 shows the reflectance and transmittance of a 0.7-mm
thick silicon substrate, with single-side and both-side coating of a
300-nm silicon dioxide film, at 25 and 500◦C. Although the com-
putation code can deal with different incidence angles and polariza-
tions, only the results for normal incidence are presented here. At
λ < 1 µm, the transmittance is essentially zero, and the reflectance
features are similar to those shown in Fig. 3. Hence, the spectra
were shown only in the wavelength region between 1 and 5 µm.
The increase in temperature causes both the reflectance and trans-
mittance to decrease due to the increase in the absorption coefficient.
Therefore, the emittance (not shown in Fig. 4) at 500◦C is greater
than that at room temperature. The interference effect is enhanced
with double-side coatings. The result is an increase in the trans-
mittance and a reduction in the reflectance at certain wavelengths.
The emittance changes slightly between the case of single-side and
double-side coating.

When a polysilicon (whose optical constants are similar to those
of silicon) and an oxide layer are coated on a silicon substrate, very
rich features can be seen in the reflectance and transmittance spectra,
as shown in Fig. 5. Here, the reflectance can vary from almost zero
to one. Again, the increased absorption at elevated temperatures
reduces both the reflectance and transmittance. As in the case of
Fig. 4, double-side coatings increase the interference effect and re-
sult in more changes in the transmittance and reflectance, especially
at 25◦C when the absorption inside the silicon substrate is relatively
small. Because of the interference, the emittance approaches one at

a)

b)

Fig. 5 Silicon wafer, 0.7 mm thick, with oxide and polysilicon layers:
a) reflectance and b) transmittance.

λ ≈ 0.69 µm. Because of the high reflectance at around 2 µm, the
emittance is very small and depends weakly on the temperature.

Comparison with Reflectance Measurements
at Room Temperature

To validate the extrapolation of the existing expressions for the
refractive index of silicon, comparison with experimental results
is necessary, and room-temperature measurements were performed
first in the wavelength range between 0.5 and 1.0 µm. Specular,
spectral reflectance of silicon wafers with various thin-film coat-
ings was measured at the National Institute of Standards and Tech-
nology using the Cary 5E spectrophotometer, with an integrating
sphere, and the spectral trifunction automated reference reflectome-
ter (STARR) for reference measurements. Two specular reference
samples were characterized by the STARR, namely, a silicon wafer
with a reflectance between 0.3 and 0.4, for relatively low reflectance
measurements, and a gold mirror with a reflectance from 0.5 to
0.98, for relatively high reflectance measurements. All measure-
ments were performed with unpolarized light and at an incidence
angle of 3.3 deg, which can be considered normal incidence. Even
though the geometry of measurement with the Cary 5E spectropho-
tometer was directional–hemispherical, the specular reflectance of
the samples was determined because both they and the reference
samples were specular reflectors, and the reference samples were
characterized for specular reflectance. The room temperature of
the laboratory was between 23 and 25◦C. The expanded uncer-
tainty (95% confidence) of the measurement with Cary 5E is 0.003.
More detailed descriptions about the instruments can be found
in Ref. 35.

Five samples were prepared and studied here. Three are based
on single-side-polished p-type 〈100〉 silicon with a resistivity of 10
to 50 � · cm. One of them is bare silicon, and the other two are
coated with a thermal oxide layer (310 nm thick and 850 nm thick,
as specified by the supplier). The thickness of the silicon wafer is
0.7 mm. Only the reflectance of the smooth side is measured, and
the wafer is essentially opaque for 0.5 ≤ λ ≤ 1 µm. The other two
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a)

b)

Fig. 6 Refractive index of silicon and reflectance of bare silicon and
nitride coated silicon: a) ——, calculated and ��, extracted refractive
index and b) �� and �, measured and ————, fitted reflectance; - - - -,
reflectance calculated using thickness provided by supplier.

samples are from double-side-polished p-type 〈100〉 silicon with a
resistivity of 10 to 25 � · cm and a thickness of 0.7 mm. One of the
wafers has a silicon nitride coating of 125-nm nominal thickness,
and the other has a 170-nm silicon dioxide and 50-nm polysilicon
as the top layer. Thin-film coatings are formed on one side only, and
the reflectance of the coated side was measured.

Because reflectance is a sensitive function of the coating thick-
ness, a curve fitting was conducted to find the thickness of the coat-
ing d f that minimizes the standard error of estimate between the
measured and calculated reflectance,

σst =

√∑N
i = 1[ρm(λi ) − ρc(λi ; d f )]2

N − 1
(13)

where ρm and ρc are the measured and calculated reflectance, re-
spectively, and N is the total number of data points. The uncertainty
of the fitted thickness is estimated by varying d f from the best-fitted
value until σst is 0.003 greater than the smallest σst .

Figure 6a shows the refractive index of silicon. The circles rep-
resent the refractive index data extracted from the reflectance mea-
surement, and the solid line is that calculated from the functional
expression. As mentioned earlier, the effect of k on the reflectance
in the wavelengths considered here is negligible compared to the
measurement uncertainty. Therefore, when extracting the refrac-
tive index from the reflectance measurement, k can be neglected.
Consequently, the refractive index of silicon can be extracted from
the reflectance measurement using 1 − ρ = 4ns/(ns + 1)2, where ns

refers to the refractive index of the silicon wafer, for near normal
incidence.16 It is clear that the calculated refractive index values
agree well with those extracted from the measurement, and 0.6%
variations of n from the functional expression cause the change in
the reflectance by the measurement uncertainty. Therefore, it can
be inferred that the functional expression for the refractive index of
silicon is good, with 0.6% relative errors.

The reflectance of the bare silicon wafer and the sample with a
silicon nitride coating is shown in Fig. 6b. The circles and squares
are the measured data, and solid lines are the calculated reflectance,
based on the assumed expressions of the optical constants of silicon
and the refractive index value of silicon nitride. Because it is be-
lieved that a native oxide layer of 2–4 nm exists on top of the bare
silicon wafer, the reflectance of bare silicon is fitted by assuming
a thin silicon dioxide layer to improve the fitting result. The best-
fitted value of the thickness is 4 nm with σst = 0.00078. However,
if the native oxide layer thickness is assumed to be zero, then the
calculated σst is 0.00095. If the oxide layer thickness is taken as
8 nm, the corresponding σst is 0.0019, which is still within the mea-
surement uncertainty. Therefore, the native oxide has little effect on
the reflectance.

When the silicon substrate is coated with an SiO2 or Si3N4

film, which serves as an antireflection coating, the reflectance
oscillates from a minimum to a maximum, equal to the re-
flectance of silicon without coating. The reflectance minimum
is independent of the coating thickness and is given by ρmin =
[(nans − n2

f )/(nans + n2
f )]

2, where na = 1 is the refractive index
of air.36 As shown in Fig. 6b, the reflectance minimum for nitride-
coated wafer is 0.0029 at λ = 1 µm. The refractive index of Si3N4

extracted from the reflectance minimum is 1.995, which is almost
the same as the value of 1.998 calculated from Eq. (10). When the
reflectance is very low, the absolute uncertainty of 0.003 is not ap-
propriate; therefore, a relative uncertainty of 30% is assumed for the
measured minimum reflectance of the nitride-coated wafer. Together
with the uncertainty of 0.6% in the refractive index of silicon, the
uncertainty of the refractive index of Si3N4 calculated from Eq. (10)
is estimated to be 1%. The spectral reflectance is a strong function of
the film thickness, and the measured spectrum can be fitted by taking
the thickness as an adjustable parameter using the expressions of the
optical constants of silicon and nitride. The best-fitted nitride thick-
ness is 128 nm ± 1.2 nm with σst = 0.0019. Figure 6b also shows
the reflectance calculated using the Si3N4 thickness of 125 nm, pro-
vided by the supplier. Note that there is a significant disagreement
and the calculated σst is 0.011. Because σst of the curve fitting is
very sensitive to the variation of the coating thickness, the thickness
obtained by the present work has a much smaller uncertainty due to
the high accuracy in the reflectance measurement. Zhang et al.37 ob-
tained both the refractive index and film thickness of a free-standing
film by fitting the transmittance spectra, and they discussed the ad-
vantage of using the spectrometric method in determination of the
film thickness.

The reflectance of wafers with thermal oxide coatings is shown
in Fig. 7, together with the calculated values for silicon. Interfer-
ence effects in the silicon dioxide films can be clearly seen. The

Fig. 7 Comparison of �� and �, measured and ——, calculated re-
flectance for silicon wafers with thermal oxide coating of two different
thicknesses; calculated reflectance curve of bare silicon is plotted for
comparison purpose, and best-fitted coating thickness with uncertainty
and standard error of estimate are indicated.
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Table 1 Results of reflectance curve fitting for the five samples

Sample Bare silicon Si–Si3N4 Si–SiO2 Si–SiO2 Si–SiO2–polysilicon

Coating thickness,a nm 2 to 4 (native oxide) 125 310 850 (SiO2/polysilicon) 170/50
σst 0.00095 0.011 0.0092 0.043 0.044
Coating thickness,b nm 4 128 306 868 163/55
σst

b 0.00078 0.0019 0.0020 0.0028 0.0053
Relative difference, % —— 2.3 1.3 2.0 4.3/9.0
Uncertainty of fitted thickness, nm —— ±1.2 ±1.9 ±2.2 ±1.2/±0.5

aValue from supplier. bBest-fitted value.

Fig. 8 Comparison of ��, measured and ——, calculated reflectance
of silicon wafer with polysilicon layer over a thermal oxide layer; best-
fitted coating thickness with uncertainty and standard error of estimate
are indicated.

spectral separation between interference peaks decreases as the
film thickness increases. As a consequence, there are more oscil-
lations for the sample with a thicker oxide layer. Because SiO2

also serves as an antireflection coating, from the reflectance min-
imum, nSiO2 is determined to be 1.452 at λ = 0.565 µm, 1.455 at
λ = 0.6 µm, and 1.452 at λ = 0.72 µm. When refractive index values
determined from reflectance minimum are compared to those calcu-
lated from Eq. (9), the uncertainty of this expression is estimated to
be within 1%. Similar to the nitride-coated sample, the reflectance
for the oxide-coated samples is fitted by varying the coating thick-
ness. For the sample with a thin oxide layer, the fitted thickness is
306 nm ± 1.9 nm with σst = 0.0020, and differs by only 4 nm, or
1.3%, from the value provided by the supplier. For the sample with
a thick oxide layer, the fitted thickness is 868 nm ± 2.2 nm with
σst = 0.0028, and differs by 18 nm, or 2%, from the value provided
by the supplier.

Table 1 summarizes the result of the reflectance curve fitting for
all studied samples. The standard error of estimate between the mea-
sured and calculated reflectance when the thin-film coating thickness
is equal to the value provided by the supplier is almost an order of
magnitude higher than that for the best-fitted value. The excellent
agreement of the fitted with the measured reflectance of oxide in-
dicates that the thicknesses obtained in the present study are more
accurate and reliable than those specified by the supplier. The esti-
mated uncertainty of the fitted thickness is less than 1% for all cases.
In addition, σst of the best fitting is within the measurement uncer-
tainty, except for the sample with two coating layers, as discussed
hereafter.

Figure 8 shows the reflectance of the silicon wafer with a 50-nm
polysilicon film on top of a 170-nm silicon dioxide coating. Wave
interferences inside the two layers have caused a reflectance that is
more than twice as high as that of bare silicon at certain wavelengths,
but much lower at some other wavelengths. Because the reflectance
is high at longer wavelengths, the gold reference is used in the mea-
surement. When more than one film is coated on the wafer, the
reflectance minimum depends strongly on the wavelength, as well
as on the refractive index and thickness of each film. One cannot
use the reflectance minimum to determine the refractive index inde-

pendently of the film thickness. Therefore, the measured reflectance
spectrum is fitted by varying two coating thicknesses, assuming that
the refractive index of polysilicon is the same as that of silicon. The
best-fitted thickness values are obtained by trial-and-error to mini-
mize σst between the calculated and measured reflectance. The fitted
silicon dioxide thickness is 163 nm ± 1.2 nm, and the polysilicon
thickness is 55 nm ± 0.5 nm. These values are within 7 nm (4.3%)
and 5 nm (9%) of those provided by the supplier, respectively. The
σst is 0.0053, which is nearly twice the expanded uncertainty of
the reflectance measurement. The large σst may be caused by as-
suming that the optical constants of the polysilicon are the same as
those of single-crystal silicon. Further study is needed to determine
accurately the optical constants of the polysilicon film.

Conclusions
The present paper describes several carefully selected model ex-

pressions for calculating the optical constants of lightly doped sil-
icon. Extrapolations were made to produce smooth curves in the
calculated radiative properties. A hybrid model based on thin-film
optics (for coatings on one or both sides of the wafers) and inco-
herent formulation (for rays inside the thick silicon substrate) was
employed to study the effects of coating thickness, types of coating,
and temperature on the radiative properties of silicon wafers.

An experimental validation was performed on the model expres-
sions for the refractive index of silicon and related materials at room
temperature. The reflectance was measured over the wavelength re-
gion from 0.5 to 1.0 µm for five samples and compared with the
calculated values using thin-film optics. The excellent agreement
between the measured and calculated reflectance suggests that the
extrapolation of the expressions for the refractive index of silicon
to the wavelength region between 0.84 and 1.0 µm is appropriate
at room temperature. The excellent agreement in the reflectance
minimum confirms the expressions for the optical constants of sili-
con dioxide and silicon nitride. The calculated reflectance spectrum
was fitted to the measured values by changing the thickness of the
thin-film coatings. This allows accurate determination of the coat-
ing thickness for single-layer coatings. However, a larger deviation
exists for a silicon wafer coated with polysilicon and silicon ox-
ide films, suggesting that further study of the optical constants of
polysilicon is needed.

This study serves as an initial step toward a better understanding
of the radiative properties of silicon-related materials for accurate
radiometric temperature measurements in RTP systems. It is impera-
tive to validate the expressions of optical constants at the processing
conditions. The same samples could be used in the future because
the coating thicknesses have been accurately determined through
the present work.
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