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Summary

In order to achieve high-accuracy temperature measurements in rapid thermal processing
(RTP) using lightpipe radiation thermometry, it is critical to be able to determine the radiative
properties of silicon wafers with thin-film coatings such as silicon dioxide, silicon nitride, and
polysilicon. A software tool, Rad-Pro (named after Radiative Properties), has been developed
for easy calculation and plotting of the absorptance, emittance, reflectance, and transmittance of
silicon wafers in the RTP environments. The calculated results have been verified by comparison
with high-accurate spectral reflectance measurements at room temperature. This document
explains the theory, formulation, capability, and how to use Rad-Pro. Users are welcome to

provide feedback for further improvement and upgrade.
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1. Introduction

Rapid thermal processing (RTP) has become a key technology for semiconductor device
manufacturing in a variety of applications, such as thermal oxidation, annealing, and thin-film
growth. Temperature measurements and control are critically important for continuous
improvement of RTP [1,2]. Since the heating source is at a much higher temperature than that of
the silicon wafer, radiative energy exchange is the dominant mode of heat transfer. Hence,
understanding the radiative properties of silicon and other relevant materials is essential for the
analysis of the thermal transport processes. Furthermore, since many RTP furnaces use non-
contact lightpipe thermometers, accurate determination of the wafer emittance is necessary for
correlating the radiance temperature to the true wafer temperature [3,4].

Earlier, Hebb and coworkers [5] developed a PC-based software package caled Multi-
Rad, which allows the calculation of radiative properties of silicon wafers with thin-film coatings
in the wavelength, temperature, and dopant concentration ranges relevant to RTP. However, the
validation relied mainly on the comparison with preexisting experimental data. Consequently, its
accuracy isinevitably limited to the wavelength, temperature, and dopant concentration ranges of
available studies, which are not quite consistent and accurate. In addition, certain parameters
used in the Drude model, such as carrier scattering times and carrier concentrations, do not agree
with the well-established theory and values. Furthermore, Multi-Rad is not easily accessible. For
instance, entering of the input parameters needs to follow some tiresome steps, data manipulation
in the program is not allowed, and the output is limited to the third decimal point. The radiative
properties calculated by Multi-Rad are given in terms of an integration of the spectral radiative

properties over a wavelength interval AA, which is determined by user’s input of the wavelength

increment. To correctly implement the spectra averaging, however, the wavelength interval AL



must be determined based on the considered wavelength region and sample conditions along
with other factors[6].

Georgia Ingtitute of Technology and National Institute of Standards and Technology
(NIST) have collaborated to develop a reliable and easily accessible software tool, which can
predict the radiative properties of silicon wafers in the RTP environments. As the first step
towards a fully validated software program, the calculated results have been carefully examined
by comparison with the accurate measurements at room temperature using standard facilities in
NIST [7]. This software tool, named as Rad-Pro (for Radiative Properties), will allow users to
predict the directional, spectral, and temperature dependence of the radiative properties for the
multilayer structures consisting of silicon and related materials such as silicon dioxide, silicon
nitride, and polysilicon. In Rad-Pro, users can choose to use the formulation for coherent,
incoherent, and opague substrate without spectral integration.

Rad-Pro has some unique advantages. First, since it is developed using Excel
programming with Visual Basic for Applications (VBA), the manipulation of the data and plots
can be done by the same way in Excel with which most of users are already familiar. Second, it
allows users to choose the calculation method (i.e. coherent or incoherent formulation) as well as
other options, such as the polarization status of incident radiation and an opague option that
treats the silicon substrate as a semi-infinite medium. Third, it is possible to input the optical
constants of user-defined materials. This alows Rad-Pro to include new materials and to be
used for other applications besides RTP. On the other hand, there is large room for future
improvement. For instance, the experimental validation of the model has not been performed
over al wavelength, temperature, and dopant concentration ranges of interest. Thus, the current

version of Rad-Pr o serves as a prototype of a more complete product yet to be materialized.



2. Modeling the Radiative Properties of Multilayers

The radiative properties, such as reflectance, transmittance, and emittance of multilayer
structures largely depend on the direction and wavelength of incident radiation as well as wafer
temperature. They are also affected by thin-film coatings and surface roughness. In Rad-Pro, it
is assumed that the interfaces of each layer are optically smooth and perfectly parallel. In this
section, the detailed descriptions of the two methods about modeling the radiative properties of

silicon wafer with thin-film coatings are provided.

Coherent Formulation

When the thickness of each layer is comparable or less than the wavelength of
electromagnetic waves, the wave interference effects inside each layer become important to
correctly predict the radiative properties of multilayer structure of thin films. The transfer-matrix

method provides a convenient way to calculate the radiative properties of multilayer structures of
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Fig. 1 The geometry for calculating the radiative properties of a multilayer structure



thin films. For the j"™ medium, the complex refractive index is fi; =n; + ixj and the thickness is

] ]

d; (seeFig. 1). It is assumed that f; =1; that is, the top semi-infinite medium is air. For the

j
calculation, the optical properties of air are assumed to be the same as those of vacuum. The

electromagnetic wave is incident from the first medium (air) at an angle of incidence 6, and is

reflected from or transmitted through the following layers. By assuming that the electric field in
the j™ medium is a summation of forward and backward waves in the z-direction, the electric

field in each layer can be expressed by

|:Aleiqnz + Ble_qlzz:| e(inX—i(Dt) ' j =1
5 i9j,(2-2j4) —0j2(2-2j4) igx—iot) @
[Aje iz -1 +Bje iz J—1:| plityx—iot) . j=23-N
where A; and B; are the amplitudes of forward and backward waves in the i™ layer,

respectively, z7 =0 and z; =z; ; +d;(j=23,.,N -1), o is the angular frequency, and g, and

q;, are parallel and perpendicular components of the wave vector, respectively. Notice that
_2m o sinoy i ed throughout the | d q,, is given by q;, = 2% cos
Oy _Tnlsm 1 is conserved throughout the layers, and qj, is given by qj, _Tnj coso); ,

where A is the wavelength of the incident radiation in vacuum and éj = sin‘l(nlsinellﬁj) isin
general complex. By applying boundary conditions at the interfaces, coefficients of A; and B;

can be related to those of the adjacent layers by alinear equation. Detailed descriptions of how to

solve for A; and B; can be found in the Refs. [8,9]. Consequently, the radiative properties of

the N-layer system are given by



Ble (23)

2
Al
o Re(fiy cosOy ) Ay Ay (2b)
n, cos0; A?
and e=1l-p-1 (20)

where asterisks denote the complex conjugate.

I ncoherent Formulation

When the thickness of silicon substrate is much greater than the coherent length, and the
considered wavelength falls in the semitransparent region of silicon, interferences in the
substrate are generally not observable from the measurements. In this case, the incoherent

formulation or geometric optics should be used to predict the radiative properties of the silicon
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Fig. 2 Schematic of thin-film coatings on both sides of athick silicon



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 [9]. Figure 2

shows the geometry of the silicon wafer with thin-film coatings on both sides. Note that p,, and
1, 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, p,; and t, are for rays incident from silicon. Note that the
transmittance T, is the same when absorption inside silicon is negligibly small [10]. Similarly,
pps and 1, are for the multilayer structure at the bottom surface for rays incident from the

substrate. 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 slicon can be taken into consideration by introducing the internal

4mic

transmittance t; = exp| —
A COSO

j. Here, «, is the extinction coefficient of silicon, ds is the

thickness, and 0, isthe angle of refraction. The angle of refraction is complex due to absorption.
For adightly absorbing medium with kg <<1, however, 6, can be determined using Snell’s law

by neglecting absorption [11]. Consequently, the radiative properties of the silicon wafer with

thin-film coatings in the semitransparent region can be expressed as [12]:

2.2
1
p=prg +— gt P (3a)
1- 1 PisPos
T=——hth (3b)
1-17pisPps
and e=1l-p-1 (3¢c)



3. Optical Constants of Silicon and Related M aterials

The optical constants, including the refractive index (n) and the extinction coefficient (i),
of a material are complicated functions of the wavelength and temperature. They also depend on
the crystalline structure as well as doping and impurity levels. In the present version of Rad-Pro,

carefully selected empirical expressions are used to calculate the optical constants of lightly

doped silicon (doping concentration <10® cm‘3). On the other hand, the Drude model is

employed to consider the doping effects on the optical constants of silicon. Consequently, Rad-
Pro allows the user to select the optical model of silicon between the empirical models for
lightly doped silicon and the Drude model for doped silicon with any dopant concentration.
Measurement data of the optical constants of silicon over wide wavelength regions at
room temperature can be found in the handbook edited by Palik [13]. However, fewer
experimental data exist at high temperatures. Sato [14] was the first to comprehensively study
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 refractive index values based on his experimental data are consistently
higher than those obtained from recent studies. In this section, severa expressions of the optical

constants of lightly doped silicon are reviewed, and the Drude model will be discussed in detail.

Empirical Modelsfor the Optical Constants of Lightly Doped Silicon
(1) The Refractive Index of Silicon

Jellison and Modine [15] measured the ratio of the Fresnel reflection coefficients of
silicon wafers in both polarization states with a two-channel spectroscopic ellipsometer in the

temperature range from 25 °C 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) expression of the refractive index for wavelengths between

0.4 umand 0.84 umisgiven as

Nam (A, T) =np() +BA)T (4)
where Ny = [4.565+ 5 373 5
3.648° - (1.24/1.)

5.394x103
3.648% — (1.24/ 1)?

and B(L) =-1.864x107% +

where A [um] is the wavelength in vacuum and T [°C] is the temperature. These units will be
used throughout this document for all expressions.

Li [16] extensively reviewed the refractive index of silicon. By carefully analyzing
published experimental data, he developed afunctional relation, based on the modified Sellmeier
type dispersion relation, for the refractive index of silicon that covers the wavelength region
between 1.2 um and 14 um and the temperature range up to 480 °C. In Li’s original expression,

the temperature unit was K, and in the following equations, we have converted it to °C.

0 (T) =Jeﬂ)+% (5)

where g, (T)=11.631+1.0268x10°T +1.0384x10 T2 -8.1347x10 1073
g(T) =1.0204+ 4.8011x 10T +7.3835x10 78T 2

and  n(T)=exp(L.786x10* —8.526x107°T — 4.685x10 9T 2 +1.363x 10 12T3)
Magunov [17] and Magunov and Mudrov [18] measured the temperature dependence of
the refractive index at 1.15 um and 3.39 um, and empirically approximated measurement results

and built a relation that covers the wavelength region between 0.6 um and 10 um, in the

10



temperature range from room temperature to 430 °C. The Magunov and Mudrov (M-M)
expression is

(A, T)=3.413+1.782x10*T +4.365x10 ®T?
+(0.1635+ 2.400x10°T +1.389x10 'T2) A~>%

(6)
To calculate the refractive index of silicon, Rad-Pro uses the JM expression in the
wavelength region from 0.5 umto 0.84 um, and Li’ s expression at wavelengths above 1.2 um. In
the wavelength range between 0.84 um and 1.2 um, we use a weighted average based on the

extrapolation of the two expressions

(L2=2)Nyy +(h—0.84)n,
1.2-0.84

(")

Nave =
where nj,, is the refractive index extrapolated from the JM expression, n; is from the Li

expression, and again A is in um. By taking the weighted average of the extrapolated

expressions as given in Eq. (7), the predicted radiative properties of silicon will be
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Fig. 3 Calculated refractive index of silicon at selected temperatures
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continuous between 0.5 um and 10 um. Therefore, the discontinuity in the predicted radiative
properties that is observed in the Multi-RAD can be removed [5]. Notice that beyond 6 um or so,
lattice vibration causes additional absorption; however, its effects can be neglected due to the
weakness of the phonon oscillators in silicon. Figure 3 shows the calculated refractive index of
silicon in the wavelength range from 0.5 um to 10.0 um at selected temperatures. In general, the
refractive index of silicon decreases as the wavelength increases and the temperature decreases.
When A >10.0 um, the refractive index of Si is assumed to be independent of the wavelength,

and thevalue of n (A =10, T) is used to represent the refractive index of Si at any temperature T

for A >10.0 um.

(2) The Extinction Coefficient of Silicon

The extinction coefficient (k) and absorption coefficient (o) are related by o = 4nk/A .
The absorption coefficient of silicon depends on the absorption processes, 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 alarge absorption coefficient. The M expression of the extinction

coefficient, covering the wavelength range from 0.4 um to 0.84 um, isgiven as[15]:

T
A, T) =ka(h) ex .
iKm (A T)=ko(R) p{gag_g_exp(—12.92+6.831/7»)} (8)
where ko(L) =—0.0805+ exp| —3.1893+ 27.946 2
3.648° —(1.24/ 1)

The absorption coefficient can be deduced from the extinction coefficient.

12



In the longer wavelength region, Timans [19] measured the emission spectra of several
silicon wafers and deduced the absorption coefficient in the wavelength region from 1.1 um to
1.6 um, in the temperature range between 330 °C and 800 °C. He suggested that the absorption

coefficient can be expressed as a summation of the band gap absorption and free-carrier

absorption as following
a(d,T)=ags (A, T)+apc(,T) 9
The expression for the band gap absorption can be found in the work by MacFalane et al. [20]

and isgiven by

0gG (X,T)Zio‘a,i (XaT)"'ZZ“ae,i (A, T) (10)
= =

Notice that silicon is an indirect-gap semiconductor and the absorption process is accompanied

by either the absorption of a phonon, denoted by a,;(A,T), or the emission of a phonon,
denoted by o, ;(A,T) . Detailed expressions for a,;(A,T) and a,;(A,T) can be found in

Timans [12,19]. 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 Reaves [21] suggested an expression based on
their measurement of the transmission of the wafer at 1.30 um and 1.55 um and in the

temperature range of 500 °C to 800 °C. The Sturm and Reaves (S-R) expression is
apc = Ne Ap + NpAy (11)
where N, and N,, are electron and hole concentrations, and A, and A, are electron and hole

absorption cross sections, respectively. The S-R expression agrees well with experimental results
in the wavelength region between 1.0 um and 1.5 um, but departs from experiments at longer

wavelengths. Vandenabeele and Maex [22] studied the free-carrier absorption of silicon in the

13



infrared region by measuring the emission from the double-side-polished silicon wafers at the
wavelengths of 1.7 um and 3.4 um, in the temperature range from 400 °C to 700 °C. They
proposed a semi-empirical relation for calculating the extinction coefficient as functions of
wavelength and temperature due to free-carrier absorption. The Vandenabeele and Maex (V-M)

expressionis

(12)

B —7000
L, T) = 4.15x10°A T + 273.15)2%® exp| ——
opc (M T) 8 T )P T 7318

Here again, T isin °C. Rogne et al. [23] demonstrated that the absorption coefficient calculated
from the V-M expression agrees well with experimental data in the wavelength region between
1.0 umand 9.0 um at elevated temperatures.

In the wavelength region between 6.0 um and 25.0 um, lattice vibrations causes an
additional absorption. Since the effect of lattice absorption is negligible in most RTP applications
compared to the absorption by free carriers, it is assumed to be independent of the temperature
and dopant concentration. The extinction coefficient for lightly doped silicon due to the lattice
absorption is smply obtained from the tabulated extinction coefficient values given in Ref. [13]
at room temperature.

In Rad-Pro, the absorption coefficient of lightly doped silicon is determined from the J-
M expression at A < 0.9 um and from the Timans expression combined with V-M expression for
the free-carrier absorption at A > 0.9 um. Figure 4 shows the calculated extinction coefficient of
silicon in the wavelength range from 0.5 um to 9.0 um at selected temperatures. Notice that
unlike the refractive index of silicon, there exists a discontinuity in the calculated extinction
coefficient especialy at the elevated temperatures because the functional expression is changed

a 2=0.9 um. The existence of the absorption edge is clearly seen from the figure, and the

14
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Fig. 4 Calculated extinction coefficient of silicon at selected temperatures

extinction coefficient generally increases as the temperature increases. Since the V-M expression
is applicable up to 9.0 um, the empirical models for the extinction coefficient of lightly doped

silicon are inevitably limited to the wavelengths less than 9.0 um.

The Drude Modd for the Optical Constants of Doped Silicon

The complex dielectric function is related to the refractive index (n) and the extinction
coefficient (k) by g(m):(n+i1<)2. To account for the doping effects, the Drude model is

employed, and the dielectric function of both intrinsic and doped silicon is expressed as the

following form [5,12]:

N.e?/eom, Npe2/eqmy

o + o/, o’ + o/,

&(w) =gp — (13)
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where the first term in the right (i.e., €, ) accounts for contributions by transitions across the

band gap and lattice vibrations, the second term is the Drude term for transitions in the

conduction band (free electrons), and the last term is the Drude term for transitions in the valence
band (free holes). Here, N, and N, are the concentrations, m, and m, the effective masses,
and t, and 7, the scattering times for free electrons and holes, respectively, and e is the

electron charge. For simplicity, the effective masses are assumed to be independent of the

frequency, dopant concentration, and temperature in the present study, and their values are taken
from Ref. [24] as m, =0.27m, and m;,, = 0.37m,, where m is the electron massin vacuum.

Since g, accounts for al contributions other than the free carriers, it can be determined

from the refractive index and extinction coefficient of silicon as g, = (ny +i1<b,)2, assuming

that no free carriers exist [12]. When considering the contribution from transitions across the
band gap, the modification of the band structure by impurities is neglected and this assumption
should not cause significant error [5]. In the present version, the expression of Jellison and

Modine [15] is used to calculate the refractive index ny, in the wavelength region from 0.5 um

to 0.84 um, and Li’s expression [16] is used for wavelengths above 1.2 um. In the wavelength
range between 0.84 um and 1.2 um, aweighted average based on the extrapolation of above two

expressions is used as suggested by Lee et al. [7]. When A > 10 um, it is assumed that ny, is

independent of the wavelength, and the value calculated from Li’s expression at A = 10 um and

corresponding temperature is used to represent n,, for A > 10 um. It should be noted that the

refractive index is not affected by the phonon absorption band between 6 um and 25 um.

16



The extinction coefficient k;,, accounts for the band gap absorption as well as the lattice

absorption. The band gap absorption occurs when the photon energy is greater than the band gap
energy of silicon and results in a large absorption coefficient. The absorption coefficient is

related to the extinction coefficient as a=4nk/A , and «k, can be determined for all
temperatures from the equation for absorption coefficients. As a result, when A <2, where A4

is the wavelength of the photon, whose energy corresponds to the band gap energy, the

extinction coefficient of silicon is calculated from Jellison and Modine's expression in the

wavelength range from 0.4 to 0.9 um, and «, is obtained by Timans expression [19] that is
based on the work of MacFarlane et al. [20] in wavelengths greater than 0.9 um. On the other
hand, the lattice absorption occurs in the wavelength range between 6 um and 25 um. As done
before in empirical models for lightly doped silicon, «y,, due to lattice absorption is obtained
from the tabulated data [13].

Once ¢, is determined from the preexisting functional expressions and tabulated data,

the remaining parameters are the carrier concentrations and scattering times, which are functions
of the temperature and dopant concentration. The calculation of carrier concentrations requires

the knowledge of the Fermi energy (Eg ). By knowing the Fermi energy, carrier concentrations

can be obtained from the following equations [25]

E-r —-E
Ne:NCFUZ[ i gj (14a)
KT
-E
and N, =Ny F | —F 14b
h =Ny uz( T J (14b)
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where N; and N, are the effective density of states in the conduction and valence band,

respectively, Fy, isaFermi-Dirac integral of order %2, E is the band gap energy and given by

Eqy =1.17-0.0004737 2/(I' +636) eV [26], and k is Boltzmann’'s constant. The values for the

effective density of states at room temperature are found in more recent book of Sze [27] as

Nc =2.86x10"° cm™ and Ny =2.66x10° cm™ | respectively, and the temperature

dependence of T is considered for both Nc and Ny. The Fermi-Dirac integral Fy, can be
simplified by an exponential, and the procedures described in Ref. [25] are used to determine
Fermi energy satisfying charge neutrality, which is expressed as

Np+Np =Ng+Nj (15)
where N and N, are ionized donor and acceptor concentration, respectively. In the

calculation of carrier concentrations, the ionization energy of the considered impurity or dopant
is required. Phosphorus and boron are default impurities for n-type and p-type, respectively in
the current version of the software. The ionization energies of phosphorus and boron are
assumed to be independent of dopant concentration and temperature, and their vales are taken as
44 meV and 45 meV, respectively from the Ref. [28]. The calculated results of carrier

concentrations N, and N, at agiven dopant concentration and temperature are within 3% of the

values obtained by numerical integration.

The scattering time t, or t,, depends on the collisions of electrons or holes with lattice

(phonons) and ionized dopant sites (impurities or defects); hence, it generally depends on the

temperature and dopant concentration. The total scattering time (for the case of t,), which

consists of the above two mechanisms, can be expressed as [28]

18



1 1 1
= +

Te  Tel Ted

(16)
where 1, and t,_q denote the electron-lattice and electron-defect scattering time, respectively.
Similarly, t|, can berelated to t,_; and t,_4 . In addition, the scattering time t is also related to

the mobility p by t=m'u/e. At room temperature, the total scattering time 0 or 2, which

depends on the dopant concentration, can be determined from the fitted mobility equations [29]

0 1268
n = +92 (173)
1+ (Np/1.3x10'7)0%
and nd = 447.3 47.7 (17b)

+
1+ (N, /1.9x10M)0-78
where superscript 0 indicates values at 300 K and Np or N, is the dopant concentration of donor

(phosphorus, n-type) or acceptor (boron, p-type) in cm™. On the other hand, the scattering time

from lattice contribution 2, or T, which is independent of the dopant concentration, can be

separately obtained from the room temperature lattice mobility of 1451 cm?-V~t.st for
electrons or 502 cm?-V~1-s7! for holes [30]. Consequently, the scattering time from impurity
contribution tg_d or rﬂ_d can be determined from Eqg. (15) by knowing the total scattering time

and that due to lattice contribution. At room temperature, the scattering process is dominated by

lattice scattering for lightly doped silicon, and the impurity scattering becomes important for

heavily doped silicon when the dopant concentration exceeds 108 ecm3.

For the temperature dependence of the scattering time, theory predicted that the carrier-
impurity scattering times vary with T1°, and the carrier-lattice scattering times due to acoustic

phonons vary with T [28]. As the temperature increases, the scattering rate (1/t) due to

19



impurity tends to decrease because the electrostatic force that governs dopant sites becomes
weaker and carriers can move more agilely. On the other hand, the carrier-lattice scattering rate
increases as the temperature goes up because of the increased phonon density of states. Therefore,
lattice scattering dominates the scattering process at high temperatures even for heavily doped
silicon. Because of the relatively insignificance of impurity scattering at high temperatures, the

following formulawill be used to calculate the impurity scattering times:

T T T\
e=d — _hd :( ] (18)
Ted Tha 1900

where T is in K. The temperature dependence of t,_; and t,,_; can be more complicated since

optical phonon modes may contribute to the scattering in addition to acoustic phonon modes.

Morin and Maita [30] fitted the mobility with experiments and indicated that the mobility due to

|attice scattering varies as T 25 for electrons and T 22 for phonons. In order to obtain a better
agreement with the measured near-infrared absorption coefficients for lightly doped silicon

[5,12,21-23], the expressions for |attice scattering are modified in the present study, as follows:

)—3.8

ey = 1o (T /300 (19a)

and o =0 (T /300) >° (19b)

Substituting Egs. (18) and (19) into Eq. (16) gives the scattering time for any temperature and

dopant concentration.

Optical Constants of Other Materials
Due to lack of experimental data, assumptions have to be made for the optical constants
of other materials, such as silicon dioxide, silicon nitride, and polysilicon as commonly done in

the literature [5,12]. The optical constants of silicon dioxide and silicon nitride are mainly based

20



on the data collected in Palik’ s handbook [31,32] and assumed to be independent of temperature.
In the wavelength range between 0.3 um and 25.0 um, the optical constants of silicon dioxide
are tabulated from Palik’s handbook, and linear interpolation is used to get values in between
two data points. For silicon nitride, the same procedure is used to obtain the optical constants in
the wavelength range between 0.2 um and 1.24 um. When A > 1.24 um, a constant value of
1.998 is used for the refractive index of silicon nitride, and the extinction coefficient is assumed
to be zero.

The optical constants of polysilicon may be different from those of single-crystal silicon
because of the presence of the grain boundaries. 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 [33]. The refractive index is dightly 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 [12,34,35].
However, the characteristic of polysilicon depends largely on the grain structure resulting from
different deposition conditions. In the present version of Rad-Pro, the optical constants of

polysilicon are assumed to be the same as those of single-crystal silicon.

Comparison with Room Temper atur e r eflectance M easur ements

An experimental validation was performed on the model expressions for the refractive
index of silicon and related materials at room temperature. The reflectance was measured over
the wavelength region from 0.5 um to 1.0 um for five samples and compared with the calcul ated
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
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the wavelength region between 0.84 um and 1.0 um is appropriate a room temperature. In
addition, the excellent agreement in the reflectance minimum, which is independent of the
coating thickness when only one film is coated, confirms the expressions for the optical
constants of silicon 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 coating thickness for single-layer coatings. However, a larger deviation
exists for a silicon wafer coated with polysilicon and silicon oxide films, suggesting that further
study about the optical constants of polysilicon is needed. The detailed information about the

comparison with the reflectance measurements can be found in Ref. [7].
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4. Getting Started

Installation of Files

Rad-Pro was developed using VBA programming in Excel. All of the calculation
modules are provided in the form of a dynamic link library (DLL), and the main program in the
Excel spreadsheet can accept input parameters from users as well as show the calculated results.
In order to run Rad-Pro, the DLL file (module.dll) should be located in a default folder (i.e.,
C:\Rad-Pro\). Copy the provided library file into the folder. Notice that the folder name should
be the same as specified above to properly run the software. On the other hand, the Excel file

(Rad-Pro.xls) can be located in any folder. Users can start the program by double clicking Rad-
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Fig. 5 Rad-Pro layout when it is started
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Pro.xls. Figure 5 shows the layout when it is initialized. If the security level for the macro in
Excdl is set to high, make sure that it should be changed to low or medium before running Rad-
Pro by clicking on Options in the Tools menu of Excel. At the bottom of the Options window,
click on Macro Security. In the Security Level Tab, select either Medium or Low option button,

and click OK twice.

Input Parameters

Rad-Pro requires severa input parameters, and inputting methods include: option button,
check box, combo box, and cells with the light-yellow color (Fig. 6). The option button allows
the user to choose the type of input parameters. wavelength, temperature, or incidence angle.
Detailed descriptions about the input parameters will be provided later. Using the check box, the
user can activate an opague or hemispherical option. The combo box allows the user to select
one item from the list: number of layers, optical model for Si, polarization status, calculation
methods, and material for each layer. Furthermore, Rad-Pro aso takes values directly from the

Excel worksheet. The user should input correct values in the light-yellow cells only.

Choose one
|VF“ wavelength (um) € temperature (G} ¢ incidence angle (ded)

a) Option button

I Si-optical mndelj
I~ Opague I Formulation ~ ~| termperature
I~ Hemispherical I Polarization j incidence angle
b) Check box ¢) Combo box d) Cdlls

Fig. 6 Examples of the option button, check box, combo box, and cells
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These values will be used for the calculation. The gray colored cells, however, are for

information purposes only and do not affect the calculated results.

Wavelength, temperature, and incidence angle

To facilitate graphing, the radiative properties of multilayer structure can be evaluated as
a function of a single variable, selected from the option button: wavelength, temperature, or
incidence angle. Figure 7 shows three possible cases. As shown in Fig. 7a, if wavelength is
selected, the text in the largest gray-colored cell under the option button will immediately change
to the word “wavelength” indicating that the wavelength dependence of the radiative properties

will be calculated. The user can define the wavelength range by entering the values of

i~ Choose one

 temperature (G ¢ incidence angle (deg)

i~ Choose one

 wavelength (um) & t

C) " incidence angle (deg)

[ Options [ Options

il I~ Opague AT I~ Opague
t t
wavelength max I Hemispherical SEERIE max ™ Hemispherical

step step

I Si-optical model -l I Si-optical madel -l

temperature IW wavelength IW,
incidence angle incidence angle
I Polarization -l I Puolarization -—l
a) Wavelength dependence b) Temperature dependence

— Choose one

" wavelength fur) ¢ temperature (C) ¢ incidence angle (deg)

c) Incidence angle dependence

i~ Choose one

& wavelength (ur)  terperature (T € incidence angle (deg)

- — Options — Options
i1 I~ Opague min 05 I~ Opague
incidence angle| max . . wavelength max 1
™ Hemispherical H I Hemispherical
step step 0.001
I Si-optical model -l I Si-optical model -l
wavelength IW termnparature | 25 | IW,
temperature incidence angle | 30 [
I Puolarization -—l I Polarization "l

d) Input valuesin the cells

Fig. 7 Option buttons for wavelength, temperature, and incidence angle dependence




the wavelength minimum, maximum, and step size in the light-yellow cells. Beneath these cells,
two more cells accept the values for the temperature and angle of incidence if the wavelength is
selected. For example, if the user wants to calculate the radiative properties in the wavelength
range from 0.5 um to 1.0 um in increment of 0.001 um at a temperature of 25 °C and incidence
angle of 30°, the user should choose the wavelength option button and enter values for the
wavelength range, temperature, and angle of incidence as illustrated in Fig. 7d. Notice that the
units for the wavelength, temperature, and incidence angle are micrometer, degree Celsius, and

degree, respectively.

Optica model of S

Rad-Pro alows the user to select the optical model of Si between the empirical model
and the Drude model as explained in section 3. Selection of the optical model of Si (Fig. 8) must
be performed before layer configuration. Once the user selects the model, it will be consistently
applied to all Si layer of the specified multilayer structure unless the user changes the optical
model of Si. If the Drude model is selected, a dialog box that

— Options
takes input values about the dopant type and concentration will ™ Opague

i i S I~ Hemispherical
appear whenever Si is chosen during the layer configuration. FTISHIENES

Si-optical mndelj
Inputting the dopant type and concentration will be further Si-optical model
i Empirical model
Drude model

I Folarization j

discussed in the layer configuration. Notice that the doping effect

is not considered for polysilicon. Therefore, the optical constant
Fig. 8 Selection of the
of polysilicon is aways caculated from the empirica optical model of Si

expressions for lightly doped silicon.
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Layer configuration

The multilayer structure can have up to 10 layers. As explained in Section 2, it is
assumed that the electromagnetic wave is incident from air to the first layer (layer 1). For the
layer configuration, the number of layers of the structure as well as a material and thickness of
each layer should be specified. Notice that before selecting the material of each layer, the user

must first specify the number of layers (Fig. 9).

L figurati

numher Df Iayer8| j aYer Cconriguration
1 number of layers ) Material Thickness (jum)
1 I choose a materialj
in

2
_ e || 7 | croose amateral -]
| 4 I choose a materialj

5 7 _

g choose a materlalj

7 choose a material - |

HEFTSAErTC AT

choose a material =

I Si-optical mudelj

Formulation -
I J I choose a materialj
I Polarization j 10 I choose a materialj

choose a materialj

choase a materialj

4
womm M = L k) —

Fig. 9 Selection of the number of layers
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Material Thickness (um) User input (n)
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2 I silican j
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= 5 |
|l S 1 R ad-Pro: Warning Message x|

I Ermpiric: The katal number of selected materials should be the same as the number of lavers specified

I incohere

T sl
I p-polarizatian j 1D| choose a materialj

incidence angle (deq)

Fig. 10 Selection of the material and an example of the warning message
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After selecting the number of layers, the user can choose a material for each layer. Rad-Pro
provides four materials: silicon, silicon dioxide, silicon nitride, and polysilicon as defaults. In
addition, it also provides a way that the user can specify the equation for the optical constants of
the user-defined material. In the present version, only a second-order polynomia of the
wavelength can be used. If the user tries to select a material of the layers beyond the specified
number of layers, a warning message will be shown asillustrated in Fig. 10.

When the user selects “user input” from the material combo box, the dialog box shown in

Fig. 11 will prompt the user to input the properties for the user-defined material. In the dialog

lﬁ — Layer configuration Confirmation
Material Thickness (jum) | User input (n) | User input (k)
. . . 1 I T
e R I TN | oo ot of the-optical consta x|
2 I silicon -l
3 p— - Refractive Index —
~ GgliEE UsEF inpu | |
I~ Opague 4 choose a materialj n I 01073 A+ I 0,242 A+ I 2,133
e . g choose a material - |
B | choose a material - Extinction Coefficient
I Empirical model ]' 7 | choose a material -l I 1 0+ I a At I a
I.—_, i choose a material —I
incoherent - | - :
9 choose a material -I QK Cancel |

I p-polarization "'l 10 I choose a material —l || I [

a) Dialog box for user’sinput of the optical constants
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Material Thickness (jum) User input (n) User input (k)

[ Hemispherical

il diomid -
incidence angle (dedq) I sticon dimie J
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— Gptions user input j (01073, -0.242, 2.133] [0,0,0]
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I incoherent -I
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I p-polarizatian "I 10| choose a materialj

b) Confirmation for the coefficients of polynomial (second-order)

chooge a material j

choose a materialj

1
2
3
4
& choose a material
5
7
g
9

Fig. 11 Using the optional user input for n and « of the material
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box, the user can enter the coefficients of a second-order polynomial for the refractive index and
extinction coefficient of the desired material. After entering all coefficients, click the OK button.

The coefficients that the user entered in the form will be shown in the gray-colored cells for
confirmation. For example, [a,b,c] means that the equation of n or « will be ar®+br+c. If the

user wants to change the values of the coefficients, select other materials from the list of the
corresponding layer. Then, select “user input” again. A new dialog box for entering the

coefficients will appear. Note that the second-order polynomial for the optical constants must be
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Material Thickness (um) User input (n) User input (k) Si (Drude model)
I silicon dioxide j |

silicon il |l opant concentration & Eype |
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Fig. 12 Using the Drude model for doped silicon

well-defined in the wavelength range where the user wants to calculate the radiative properties.
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After finishing the selection of the material, the user can enter the thickness of each layer in um.
If the user does not enter the values of the thickness for a certain layer, Rad-Pro will regard its
thickness as zero. As a result, the final multilayer structure is just like the original structure
without the layer having zero thickness.

If “Drude model” is selected in the optical model selection step, the dopant type and
concentration of each Si layer must be specified during the layer configuration. Figure 12 shows
an example of inputting parameters for the dopant type and concentration. The dopant type can
be selected by using the combo box of the dialog box shown in Fig. 12. Notice that if the user
chooses intrinsic as the dopant type, only thermally generated free carriers exist in the
conduction (electron) or valence (hole) band, and any number typed in the dopant concentration
of the dialog box does not affect the calculated results. The way to input and change values for

dopant type and concentration is basically the same as the case of user-defined materials.

Formulation
As explained earlier, in order to calculate the radiative properties of the multilayer

structure, Rad-Pro uses two methods: coherent and
— Oplions
incoherent formulation. The coherent formulation is the same ™ Opague

as thin-film optics, which considers each layer as a thin film. L hiemishenica

I Empirical mndelj
=l

substrate only as incoherent and other coatings as coherent Farrulation
incoherent

[7,9]. Note that the fringes due to the thin-film coatings are

On the other hand, the incoherent formulation considers the

Fig. 13 Selection of the

still observable even in the incoherent formulation. The user .
formulation scheme
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Fig. 14 Reflectance of a silicon wafer (500 um) coated with a silicon dioxide film
(0.8 um) on the top surface

can select either of them from the formulation combo box as shown in Fig. 13. Figure 14 shows
the calculated reflectance of a silicon wafer (500 um) coated with a silicon dioxide film (0.8 um)
on the top surface at room temperature with normal incidence, using coherent or incoherent

formulation.
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Opague substrate

Since most silicon wafers are thick enough to be opague, especially in the wavelength
range between 0.5 um and 1.0 um, the silicon substrate can be regarded as a semi-infinite
medium. Therefore, the wafer with various thin-film coatings in the opague region can be
modeled as a multilayer structure of thin films. Rad-Pro provides an option for this case. In the
default setting, the semi-infinite medium at the bottom of the multilayer structureisair. However,
if the user clicks the opaque check box, the silicon substrate is treated as the bottom semi-infinite
medium instead of air. Therefore, the thin films coated on the bottom surface of the silicon
substrate will not be considered for the calculation. Since the interference effects inside the
substrate will not be observable with the opague option, it is not recommended that the

incoherent formulation is simultaneously used with the opague option. Notice that

g SO
C Cpague SO, ¥ Opague 2
S S
SO,
Air
0.5 0.5

0.4 04 - .

0.3

Reflectance

0.2}

Reflectance

0.1

1 1
0.5 0.7 0.9 11 13 15 0.5 0.7 0.9 11 13 15

O 1 1 1 O 1

Wavelength (um) Wavelength (um)

Fig. 16 Reflectance of a silicon wafer (500 um) coated with silicon dioxide film
(0.8 um) on both sides at room temperature and normal incidence
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the transmittance is always zero with the opagque option and thus, the emittance is smply 1-p.
Figure 16 shows the calculated reflectance with or without the opague option for illustration. It is
clear that the effects of the silicon dioxide coated at the bottom surface of the S substrate are not
considered when opaque is checked. To enhance clarity, incoherent formulation is intentionally

used for the left plot.

Hemispherical emittance

The spectral-hemispherical emittance can be evaluated by activating the hemispherical
checkbox as shown in Fig. 17. The spectral-hemispherical emittance is obtained by integrating

over the hemisphere:

nl2
g, =2 [ &, 0(6)cosdsin6do (20)
0

where ¢, ¢ is the spectral-directional emittance. Due to the axial symmetry of the planar

structure, the emission is assumed to be independent of the azimuthal angle. The electric field for

s polarization is defined to be parald to the unit direction

— Qpkions
vector of the azimuthal angle a any point on the surface. It is W e

important to note that the calculated hemispherical emittance

I Drude model -I
I coherert -—l

multilayer structure (i.e., outward surface of the layer 1) —
I p-polarization vl

from EQ. (20) is the emittance from the top surface of the

because the radiative properties depend on the side on which

electromagnetic waves are incident. Fig. 17 Calculation of
hemispherical emittance
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Calculation and Plotting

After entering all of the input parameters, the user can calculate the radiative properties
of the specified multilayer structure by clicking the “Calculate” button at right bottom of the
screen. The calculated results will be shown in the rows under the blue-colored cells. Consider

the following case. The silicon wafer is coated with a 300-nm silicon dioxide layer on both sides.
The thickness of silicon wafer is 700 um, and silicon is doped with phosphorus at 10%em=3. To
consider the doping effects, the Drude model is used. The temperature of silicon wafer with thin-
film coatings is 500 °C, and the electromagnetic waves are incident at 6 =0°. The considered
wavelength range is from 0.5 um to 10 um in every 0.01 um, and the incoherent formulation is

used for calculation. In addition, hemispherical emittance of the specified structure is calcul ated.

The correct values of input parameters and calculated results from Rad-Pr o are shown in Fig. 18.

Rad—PrO ver. 1.1

developed by Georgia Tech — NIST
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Fig. 18 Calculating the radiative properties of multilayers



Notice that the information about the dopant type (i.e. n-type) and concentration of silicon are
shown in the gray-colored cell that is located at the same low of the layer 2 (i.e., silicon). The
calculation took about 2 min. of CPU time with a Pentium 4 processor (1.8 GHz).

Once the calculation is done, it is possible to generate an x-y plot of the radiative
properties versus wavelength, temperature, or incidence angle. When generating plots in Rad-
Pro, the“XY (Scatter)” isthe default chart type. The user should change the default chart typein
Excel to properly use the plot option in Rad-Pro. Please refer to the help in Excel for further
instructions on how to change the default chart type in Excel. To plot, click the “Plot” button.
Figure 19 shows an example for plotting the calcul ated results with the same parameters asin the
case of Fig. 18. To avoid possible confusion, the hemispherical emittance is intentionally not
plotted with the spectral-directional radiative properties, and the user can plot it easly if
necessary. It should be noted that sometimes the thickness of substrate falls between situations of

completely coherent and incoherent, i.e., the partially coherent regime. One can use the coherent

Rad—Pl”O ver. 1.1
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Fig. 19 Plotting the calculated results
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formulation to obtain an output file with sufficiently fine data points, and then use the spectra
averaging method by following the work of Lee et al. [6] to obtain the radiative propertiesin the

partially coherent situation.

Saving Data

By clicking the “Save’ button, the user can save al of the calculated data. There are two
spreadsheets inside Rad-Pro, named as “Calculation” and “Data’. The spreadsheet named
“Calculation” is for calculation only and is activated whenever the program is started. On the
other hand, the “Data’ spreadsheet is for saving data. Once the user clicks the “Save’ button in
the “Calculation” spreadsheet, al of the information in the “Calculation” spreadsheet will be

transferred into “Data’ spreadsheet, and Rad-Pro automaticaly activates the “Data’

Data were saved on 9/19/2005, 9:26:00 AM
INPUT PARAMETERS Matetial Thickness Doping parameter User input (n) User Input (k)
temperature 500 Silicon Dioxide 03
incidence angle 0 Silican 700 TE+16 (n)
Optical Model of Si Drude model Silicon Dioxide 0.3
Formulation Scheme Incoherent formulation
Puolarization unpolatized
. X Hemispherical
Activated Options

[ wavelength | Reflectance [Transmittance]  Ewittance | [ Hemni-emittance | | |

0.5 0.2998108 0 0.7001892 0.163501274

0.51 0.264359514 0 0.735640486 0.155132779

0.52 0.229657106 0 0.770342894 0.15615659

053 0197123895 0 0802876105 0.15660009

0.54 0.168160536 0 0.831539062 0.156508572

0.55 0.143958287 u] 0.956041713 0.155847066

Name of 086 | 0.12533E071 0 0574666929 0.154566552
dsheet 0.57 0.11267 4406 0 0.8987325594 0153703764
spreadshee 0.58 0.105971309 0 0.834028691 0.152171868
0.5%9 0.104820023 0 0.895179977 0150470131

06 0.10853939 0 0.89146061 0.148665431

0.61 0.116318548 0 0.853661452 0.146809092

062 0.127270881 0 0.872729118 0.144548921

NF3 [ 140530503 0 [ AR94RI1597 M 143123579
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Fig. 20 Saving the calculated data
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Spreadsheet, allowing the user to examine the transferred data. Figure 20 shows an example of
saving the datainto the “Data’ spreadsheet.

Once the user has finished and clicks to exit Excel, the user should understand the
implication of choosing Yes, No, or Cancel. If the user chooses “Yes’, the program actually
writes over the existing file and saves the current work. Notice that all of the information in the
“Calculation” spreadsheet will be lost once the user exits Excel. In other words, Rad-Pro will
delete al data in the “Calculation” spreadsheet whenever it is started. However, the transferred
data into the “Data’ spreadsheet will remain. If the user chooses “No”, the program does not
save the work, and the data transferred into the “Data’ spreadsheet will be lost. Findly, if the
user chooses “Cancel”, the user will be back to the program. Alternatively, to save the file as a

new name, the user should click Save As under the File menu and choose a new filename.

5. Proposed Future Enhancements

The experiment validation about the predicted results using Rad-Pro is a very important
but challenging task, especiadly at elevated temperatures. A facility is being developed to
measure the radiative properties at elevated temperatures [4]. With this facility, the functional
expression for the optical constants of silicon and relevant materials can be thoroughly examined
over the wide temperature ranges. To account for the doping effects, the smple Drude model is
incorporated into Rad-Pro; however, experimental validation of the model must be performed
over a wide range of the doping concentration. As suggested by Lee et a. [7], further work is
also needed to investigate the optical constants of polysilicon film deposited under various
conditions. In addition, the optical constants of emerging high-x dielectrics such as HfO, [36]

and ZrO, [37] can be studied and included in future versions of Rad-Pro.
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