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A brief review of the models that have been proposed in the literature to
simulate the emissivity of silicon-related materials and structures is presented.
The models discussed in this paper include ray tracing, numerical, phenomeno-
logical, and semi-quantitative approaches. A semi-empirical model, known as
Multi-Rad, based on the matrix method of multilayers is used to evaluate the re-
flectance, transmittance, and emittance for Si, SiO4/Si, SizN/Si04/Si/Si04/SizN,
(Hotliner), and separation by implantation of oxygen (SIMOX) wafers. The
influence of doping concentration and dopant type as well as the effect of the
angle of incidence on the radiative properties of silicon is examined. The results
of these simulations lead to the following conclusions: (1) at least within the
limitations of the Multi-Rad model, near the absorption edge, the radiative
properties of Si are not affected significantly by the angle of incidence unless the
angle is very steep; (2) at low temperatures, the emissivity of silicon shows com-
plex structure as a function of wavelength; (3) for SiO,/Si, changes in emissivity
are dominated by substrate effects; (4) Hotliner has peak transmittance at
1.25 um, and its emissivity is almost temperature independent; and (5) SIMOX
exhibits significant changes in emissivity in the wavelength range of 1-20 um.
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INTRODUCTION

an object by measurement of its emitted electromag-
netic radiation with a radiation thermometer.

Emissivity of semiconductors plays an important
role in radiation thermometry and radiative heat
transfer during thermal processing. The detailed
understanding of emissivity is critical for monitor-
ing and controlling temperature in semiconductor
processing techniques, such as rapid thermal pro-
cessing (RTP), molecular beam epitaxy (MBE), and
chemical vapor deposition (CVD). Emissivity, €, is
defined as the ratio of the radiance of a given object
to that of a blackbody at the same temperature and
for the same spectral and directional conditions.
It is a function of surface morphology,’? impurity
concentration,> wavelength, temperature, and the
presence of overlayers.* It is a property that must be
known for accurate temperature determination of
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Historically, the ability to model emissivity of
semiconductor materials and structures has been
hampered by the limited reliable data of the optical
properties in the infrared (IR) range of
wavelengths® in the literature. Even for well-under-
stood materials, such as silicon, the data of the ex-
tinction coefficient, k, is limited, especially, for high
temperatures. Ray tracing, numerical, and semi-
quantitative approaches to model emissivity of sili-
con have been reasonably successful.

RAY TRACING TECHNIQUE

PV Optics is an optical modeling software devel-
oped by Sopori et al. at the National Renewable
Energy Laboratory (Golden, CO). This software was
originally developed for design and analysis of solar
cells. It can calculate a variety of optical parameters
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for multilayer devices and is capable of handling
planar as well as nonplanar interfaces. We have
recently extended this package to calculate & for
samples with any surface conditions and with
thin dielectric and metal layers.® The calculated
parameters include reflectance, transmittance, and
absorbance of photons in each layer and their ab-
sorption profiles. Because emissivity relates to the
total absorption in the device (Eq. 3), this package
can be appropriately modified to calculate emissiv-
ity. The modifications include (1) extending the
wavelength range to that used in pyrometry and
RTP applications and (2) including a suitable
approach for calculating values of the index of re-
fraction, n, and k corresponding to Si at different
temperatures and with different material parame-
ters. The model is used to calculate net reflectance,
transmittance, and absorbance of a wafer, corre-
sponding to light incidence from the desired surface.
These data are then used to determine ¢ of that
surface of the wafer.

Figure 1 is a schematic illustrating the methodol-
ogy of performing these calculations. A beam of
unit intensity is incident on the sample that has an
arbitrary surface morphology. The beam is split into
a large number of beamlets that impinge on a small
region of the surface. Each beamlet is allowed
to propagate within the sample, and its entire
path is monitored while it undergoes reflection,
transmission, and absorption.

The following set of equations are applied to calcu-
late optical parameters in the bulk and to determine
the effects of multilayer coatings. In the semicon-
ductor, the beam propagates in the z direction as

Linar = Linitia e (D
where
4rk
o=—
A

and the extinction coefficient, k, is the imaginary
part of the complex refractive index

n(A)=n-ik

At each interface, we use the following equations:
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Fig. 1. A schematic illustrating the methodology of performing
ray-tracing calculations.

1053

cos(Bp) =T -0 ()

N1 2 2y
cos(0;) = [1-(—)"-(1-cos(6;_)") j=12,3 (3)
n.
j
where r; is a unit vector along the beamlet. The

reflection coefficients for parallel and perpendicular
polarization are

—i%nltlcos(el)
L, +tA, e

r =
1
—i—4;: nt,cos(0,)

I+, A -e

4
—i—n,t,;cos(0,)
o +A;e A e
I = 4)

—i%nltlcos(el)

I+, -Ay-e
where

—i%nztzcos(ez)
I, +13, €

AJ— - 4n
—1Tn2t2cos(92)
I+r1,, ‘13, -e

—i4—nnztzcos(92)
I‘2" + 1‘3" i~

—i4—nnztzcos(92)
I+, 1,-¢

n_ -cos(ej,l) —n; -Cos(ej)

T
n -cos(Gj,l) +1; -cos(Oj)

_ n_ -cos(ej)— n; -cos(ej,l)

an n_ -cos(9j)+nj -cos(ej,l)

In this manner, each beamlet bounces back and
forth within the sample. The net energy absorbed at
each plane within the sample is determined. This
procedure is continued for each beamlet until the
energy in the beam is reduced nearly to zero. This
process yields the net reflection, transmission, and
absorption in the wafer.

Thus, the model calculates total absorption, reflec-
tion, and transmission that includes the scattering
effects arising from nonplanar surfaces. Because of
the fact that the hemispherical emissivity is equal to
the total absorption, the emissivity of each surface
of the sample as a function of wavelength is deter-
mined. In addition, PV Optics can handle nonplanar
surfaces.

Sato” has performed the first detailed measure-
ments of temperature-dependent spectral emissivity
of silicon. Using a spectrophotometer, Sato mea-
sured the emissivity (¢) of comparatively pure
(resistivity p = 15 Q-cm at 300 K) and heavily
phosphorous-doped (p = 7 X 1073 Q-cm at 300 K)
silicon in the temperature range of 543-1,073 K
and in the spectral region from visible to 15 pum.
Sato’s measurements show that € increases with
increasing temperature for pure silicon in the
2—15 um region. For n-type silicon, € decreases with
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Fig. 2. A comparison of the calculated and experimental values of
¢ for a double-sided polished Si sample. The experimental data is
from Ref. 7.

increasing temperature. In general, for silicon, the
high € in the visible region can be attributed to
band-to-band transitions. For low temperatures, Si
is transparent for wavelength A greater than 1.2
um, leading to low emissivity in near IR. For A > 6
um, the high € of Si is due to lattice vibrations.
For temperatures at or above 570 K, Si becomes
intrinsic, leading to contribution to € by free carri-
ers. For temperatures greater than 870 K, ¢ is
constant in the entire IR region. While Sato’s results
are very important and fundamental indeed, these
results are for specific resistivities and thicknesses
of the silicon wafer. In addition to the need for a
generalized and detailed study of €, a numerical
model for the wavelength dependence of & of Si
would be very useful.

In Fig. 2, a comparison of the results of Sato is
made with that obtained using PV Optics. As can
be seen in the figure, PV Optics yields wavelength
and temperature-dependent emissivity that are in
accord with the experimental results of Sato.

NUMERICAL MODEL

Using a spectral emissometer that can simultane-
ously measure reflectance, transmittance, and tem-
perature, we have determined experimentally the
wavelength and temperature-dependent emissivity
of silicon-related materials and structures.®* Our
results of the temperature-dependent emissivity of
silicon lead us to a numerical model® that represents
the best fit to experimental data. The results are
expressed empirically by the expression:

eMLT)=A, + (AN + (A, 1) (5)
where
A, = 0.64362 + (0.1264 * 107)T —(0.67955 * 107)T*
A, =0.66789 —(0.1506* 10T + (0.65442 * 10~°)T*
A, =-1.2978 +(0.30243 * 107%)T— (0.15119 * 10°)T?

The term A is the wavelength in microns, and T is
the temperature in Kelvin. The results of the calcu-
lations of € of Si as a function of A for temperatures
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Fig. 3. The calculated emissivity for p-Si.%
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Fig. 4. A notation for the matrix method of multilayers.'

in the range of 400-1,200 K, based on the preceding
equations, are presented in Fig. 3. As can be seen
in this figure, below 2 um, € is highly sensitive to
temperature because of bandgap and free-carrier ab-
sorption mechanisms. Above 2 um, € increases with
temperature irrespective of A. The calculated values
of € of Si in Fig. 3 are in accord with expectations.

MULTI-RAD

This program, developed at the Massachusetts
Institute of Technology (Cambridge, MA),° can
perform calculations of the radiative properties of
silicon-related materials and multilayer structures.
It predicts the reflectance and transmittance of a
multilayer stack for a given wavelength and angle
of incidence. Radiation at a given wavelength is
treated as coherent, so interference effects are taken
into account. The main assumptions of the theory
are that the layers are parallel and optically
isotropic; the surface is optically smooth; and the
area in question is much larger than the wavelength
of incident radiation.

A generic layered structure is shown in Fig. 4.
There are N layer interfaces (circled) and N+1 “lay-
ers” (squared), including the unbounded transparent
media on each side of the actual stack. The terms A;
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and B; are the amplitudes of the forward and back-
ward propagating electric-field vectors on the left
side of the interface, i. The prime notation on A%y,
and By, indicates that these are the amplitudes on
the right side of interface N. Light is incident on
interface 1, with an angle of incidence 6 = 0,.

The central equation of the multilayer theory
relates the amplitudes on the left side of interface
1 with those on the right side of interface N:

A N A, m;, m, || A
Bl — HPiDi_lDiH ’N+1 _ 11 12 N+l 6)
1 w1 By My My

Byyi
where P; is the propagation matrix, D; is the dynam-
ical matrix, and m;; is an element of the transfer
function matrix. The propagation matrix accounts
for the effect of absorption and interference within
a layer i bounded by two interfaces. Because layer 1
is not bound by two interfaces, the propagation
matrix has no meaning, and P, is set equal to the
identity matrix. For layers 2, 3, ..., N, the propaga-

tion matrix is
el 0
b = » (7)
0 e i0;

where ¢; = 2nn;d; cosby/A is the phase shift. The
complex refractive index is n; = n; + ix;, where n is
the refractive index, and « is the extinction coeffi-
cient. In this model, it is assumed that the bounding
media are in vacuum, with a refractive index of 1. The
thickness of the layer is d; 6; is the complex angle; and
A is the wavelength of the incident wave in vacuum.

The dynamical matrix accounts for reflection and
refraction at the interface i, relating amplitudes of
the reflected and refracted waves on either side of
the interface. Depending on the state of polarization
of the wave, the dynamical matrix is given by

1 1
D,=|- _ _ _ |swave (8)
nicosb; —njcos6;
cosB;  cosO;
D, =| _ _ | pwave 9)

where s and p indicate that the electric-field vector
is perpendicular and parallel to the plane of
incidence, respectively. Nonabsorbing layers have
purely real refractive indices, so they have purely
real angles that can be interpreted as the direction
of propagation in the layer. Absorbing layers have
complex refractive indices, resulting in complex an-
gles that have no direct physical interpretation. The
angle 0, is purely real and interpreted as the angle
of incidence. Given the angle of incidence, the com-
plex angles for the other layers are calculated in
succession using the complex form of Snell’s law:

sinBis1 = L sind; (10)

Ni+1
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The reflectance for a s or p wave for the entire stack
is the ratio of the intensities of the forward and
backward propagating waves on the left side of in-
terface 1. The transmittance for a s or p wave is the
ratio of the intensities of the forward propagating
wave on the right side of interface N and the forward
propagating wave on the left side of interface 1. The
intensity of an electromagnetic wave is proportional
to the square of its amplitude. Thus,

B m
s 21
Rs/p - A - (11)
1My
- , - 2
_ nNg1cosOy, Ay DIN+ICOSOy, m21| (12)
slp — - - -
nicosd, A nicos6, |my;

Thermal radiation is usually well approximated as
unpolarized, in which case, the spectral directional
reflectance and transmittance, R, ¢ and T; o, may be
calculated as a simple arithmetic average of the
s- and p-wave properties.*’

The spectral directional absorptance is calculated
by subtracting the reflectance and transmittance
from unity, and the spectral directional emittance is
calculated by assuming Kirchhoff’s law on a spectral
basis:

0,0 =€x,0 =1 —Ry,0 —Th,e (13)

where the subscripts A and 6 have been introduced
to indicate spectral and directional properties,
respectively. Kirchhoff’s law on a spectral basis
is valid if the emitting object is in local thermody-
namic equilibrium, i.e., a single temperature can
characterize it. If there is a significant temperature
gradient in the part of the wafer that is emitting
or if the phonons and electrons are not in thermal
equilibrium (e.g., laser annealing), then Kirchhoff’s
law becomes invalid. In most RTP processes,
neither of these conditions is encountered for a
silicon wafer.

To obtain the hemispherical spectral properties,
integration over all directions in the hemisphere
is performed. The matrix method of multilayers de-
scribed previously makes the assumption that there
is no variation of the radiative properties with
the azimuthal angle. The spectral absorptance inte-
grated over a particular range of angle of incidence,

defined by 6,,;, and 6,,,, is given by
emax
| ocx’ecose sin6 d6

0 .
_ _min (14)
o
A lsin2 26
2

0 —sin .
max min

where 0 is the angle of incidence. The expression
is analogous for emittance, reflectance, and trans-
mittance.

In Figs. 5 and 6, the simulated radiative proper-
ties of lightly doped, 700-um-thick n-Si is plotted
as a function of angle of incidence for A = 0.9 um
and A = 2.7 um, respectively. As can be seen in these
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Fig. 5. The simulated radiative properties of 700-um-thick n-Si
as a function of the angle of incidence for A = 0.9 um. Wafer
resistivity = 0.523 Q-cm.

figures, the change in emissivity with the angle of
incidence is very small from 0° to 70°. The emissiv-
ity changes significantly beyond 70°. This is once
again illustrated in Fig. 7 for three specific tempera-
tures. At high temperatures, the emissivity of sili-
con reaches its intrinsic value of 0.7 and remains in-
dependent of wavelength in the 1-20-um range. At
shorter wavelengths, close to the absorption edge of
silicon, the transmittance is negligible. However, for
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A = 2.7 um, the transmittance becomes significant,
as can be seen in Fig. 6. At high temperatures,
transmittance becomes negligible. At low tempera-
tures, the emissivity of silicon is a complex function
of wavelength, as can be seen in Fig. 7. A detailed
analysis of Sato’s data and comparison with the re-
sults from the Multi-Rad model has been discussed
elsewhere.!?

The simulated emissivity of SiOo/700-um Si is
shown in Fig. 8 for varying oxide thickness for three
specific temperatures. A comparison of Figs. 7 and 8
shows that the change in emissivity with wave-
length is determined by the spectral properties of
the substrate material—silicon. At least in the
thickness range of 1-100 nm, considered in the
simulations in Fig. 8, the influence of SiO, films on
the emissivity can be noticed in the wavelength
range of 8—10 um.

There have been several attempts to formulate
methodologies that can lead to wafer emissivity-
independent, temperature measurements in RTP.
One of these approaches uses a Hotliner. The Hot-
liner is comprised of a heavily doped, p-silicon sub-
strate clad with SigN,/SiO, films on both sides. In
Fig. 9, the simulated radiative properties of Hot-
liner (57-nm SigN,/25-nm SiOy/700-um p-silicon/25-
nm SiO./57-nm SizN,) is presented, as a function of
wavenumber, for three specific temperatures. As can
be seen in this figure, the Hotliner is characterized
by an extremely weak transmittance (note the scale
on the Y-axis in the transmittance spectra in Fig. 9),
and its change in emissivity with temperature is
weak (varying by several percent).

Silicon-on-insulator is the preferred substrate
for low-power, high-speed microelectronic devices.!?
One of the well-accepted methods of fabricating
silicon-on-insulator is by separation by implanta-
tion of oxygen (SIMOX). In both the SIMOX and
Smart-Cut processes, the wafer temperature must
be kept at 600°C for long durations to implant a suf-
ficiently high dose of oxygen or hydrogen. Thus, the
need to monitor process temperature is of funda-
mental importance not only during the subsequent
processing of these wafers for device fabrication but
also for manufacturing the wafers. In spite of
SIMOX being a mature technology, it represents a
challenge for appropriate choice of wavelengths for
pyrometry because of the complexity of the built-in
multilayers and the interfaces. In Figs. 10 and 11,
the simulated radiative properties of SIMOX are
plotted for two oxide thicknesses. As can be seen
in these figures, SIMOX exhibits large variations in
the radiative properties in the wavelength range of
1-10 um. While the buried oxide thickness has
some influence on the radiative properties of
SIMOX, its reflectance is very high compared to
bare silicon. The emissivity is a complex function of
wavelength even at high temperatures. At shorter
wavelengths, SIMOX exhibits low emissivities. Sig-
nificant changes in emissivity become noticeable in
the 4-8-um wavelength range.
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CONCLUSIONS

A brief review of the modeling and simulation ap-
proaches to understanding the radiative properties
of silicon-related materials and structures has been
presented in this study. Semi-empirical models, such
as the ray tracing technique, Multi-Rad, and numer-
ical approaches have been discussed. Simulations
of the radiative properties have been performed for
silicon substrates as function of angle of incidence,
Si0,/Si for varying oxide thickness, Hotliner (57-nm
SizN,/25-nm SiOy/700-um p-silicon/25-nm SiO,/57-
nm Si3N,), and SIMOX. In the range of 0-70°, emis-
sivity does not change with the angle of incidence.
The emissivity spectra of SiO,/Si are dominated
by the radiative properties of the silicon substrate.

Hotliner exhibits an emissivity that is insensitive
to temperature and wavelength. Simulations of
SIMOX reveal high reflectivity accompanied by low
emissivity at short wavelengths.
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