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Abstract-A general technique is developed to account for the microscale heat transfer effects involved 
with the interaction of thermal radiation and multilayer thin films. In particular, the microscale radiation 
effects involved with both the emission from the multilayer structure and the reflection of incident radiation 
are described in detail. Considerable optical interference within the structure occurs when the film thick- 
nesses are on the same order of magnitude as the wavelengths of the incident or emitted radiation ; therefore, 
the net surface reflectivity and emission from the film structure are altered by slight changes in film 
thickness. Consequently, during high temperature thermal processing of micron thickness films, the resuit- 
ant temperature profiles and the quality of the processed structure will be affected. The reflectivities and 
emissivities are calculated numerically using the matrix method for several different layering structures 
subject to thermal radiation. For the special case of equal optical film thicknesses, cross-correlation 
peaks are identified ; these layering schemes are very sensitive to small film thickness changes. Maximum 
temperatures attained during thermal processing are calculated for several specific film structures to 

illustrate the significance of these effects. 

1. INTRODUCTION 

THERMAL treatment of multilayer thin film (N 1 pm) 
structures with a heat source emitting in the thermal 
radiation spectrum range (0.2 pm < L < 8.0 pm) is a 
common procedure in numerous electronic and 
optical material processes. There is a variety of heat 
sources currently used, such as graphite strip heaters, 
halogen lamp heaters, lasers, and flash heaters. Tem- 
perature prediction and control during such processes 
is critical since thermal gradients established during 
processing are responsible for material defects. The 
small film thickness and the high temperatures 
involved make it difficult to determine temperature 
distributions experimentally. Thus costly trial-and- 
error techniques are typically used for parameter opti- 
mization. The need for temperature prediction in such 
processes and the difficulties associated with exper- 
imental monitoring has led most investigators to 
simulate these processes nume~~ally. Several inves- 
tigators have already proposed models to account for 
the critical heat transfer parameters involved. 
However, most of these studies neglect the microscale 
optical effects of multilayer thin films during thermal 
processing. 

There is a considerable amount of optical inter- 
ference within the multilayer structure when the film 
thicknesses are on the same order of magnitude as the 
incident radiation [ 1 j. The net surface reflectivity and 
absorption can change significantly with a change in 
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any of the film thicknesses. The resultant temperature 
profiles and quality of the film are therefore affected 
by these changes in optical properties. 

The majority of the previous studies on the optical 
effects of thin films focus on a monochromatic radi- 
ation source. One of the first studies conducted was 
that of Tamura et al. [Z], in which the behavior of a 
silicon substrate capped with a thin SiOz film during 
laser anneahng was investigated. The results indicated 
a periodic relationship between transmissivity and 
film thickness, which closely agreed with experiments. 
A numerical model employing the matrix method [3, 
41 was developed by Colinge and Wiele [5] to deter- 
mine the laser power absorbed in a silicon-on- 
insulator (SOI) structure while taking into account 
the optical effects of the thin films. Several one- 
dimensional, two-dimensional, and semi-empirical 
models have been developed to determine the tem- 
perature profiles for laser processing. Grigoropoulos 
et al. [6] have developed a 3-D numerical model of a 
SiO*/Si/SiO~ film structure which includes melt- 
ing by employing the enthalpy method. 

The numerical model proposed by Wong et al. [l] 
involves the use of radiant heat source (graphite strip 
heater), which includes the full spectrum of wave- 
lengths emitted from the strip heater, and determines 
the reflectivity along the length of the wafer. The 
model predicts the temperature distribution in the 
oxide capped SO1 system for under-melting tem- 
peratures; however, the change in emissivity with film 
thickness was not considered. The model was modi- 
fied to include melting and similar results were pre- 
sented [7,8]_ A maximum reflectivity value that is very 
sensitive to thickness variation was observed at equal 
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NOMENCLATURE 

%lm thermal diffusivity of the film 

asUb thermal diffusivity of the substrate 

d,,, thickness of the film 

ehr monochromatic emissive power 
F, _?(c$) radiation shape factor for a given 

angle 
F, ~_i(x) radiation shape factor to a given 

point 

kfi,m thermal conductivity of the film 
n real part of index of refraction 
n complex index of refraction 
yfi,,(x) radiative heat flux through the film 

for a given point 

Tti,, temperature of the film 

T,,,,,, temperature of the heater 

T\ub temperature of the substrate 
W’(4) weighting function. 

Greek symbols 

~$1, 4) absorptivity of the film structure for 
a given angle and wavelength 

apoln,(.~) total absorptivity from a given point 

oxide thicknesses ; further investigation established 
that this phenomenon is due to a cross-correlation 
of the oxide reflectivity functions [9]. These studies 
present the effects of microscale radiation phenomena 
on the structure reflectivity, and determine the tem- 
perature distribution neglecting emissivity microscale 
effects. Results are focused on a specific structure 
(SOI), and cannot be used for general film modeling. 

This paper presents a general technique for cal- 
culating the reflectivity and emissivity in any number 
of thin films during processing with a radiant heat 
source. Specific examples are used to illustrate the 

importance of these radiation effects. Arrangements 
of silicon and silicon oxide films were used as materials 
in most examples, so that the effects presented could 
be compared with previous studies. Reflectivity, 
emissivity and maximum temperature changes are 
presented as a function of film thickness for an opti- 

cally thick substrate, and single thin film, two films, 
and three films on substrate. In order to isolate the 
radiative effects, heat losses by convection on the sur- 
face of the structure and phase change effects are not 
considered. 

2. INTERACTION OF THERMAL RADIATION 
AND MULTILAYER STRUCTURES 

The mechanics of radiation heat transfer between 
bodies is well understood. For heated bodies, the 
range of radiative energy distribution in the electro- 
magnetic spectrum is usually limited to the thermal 
radiation spectrum, IOY-IO-’ m. The relation of 

I:(& 4) cmissivity from the tilm structure for 
a given angle and wavelength 

i:l<~l.ll total hemispherical emissivity 
0 time 
ti extinction coefficient ; imaginary part of 

index of refraction 
i wavelength of radiation 

p(i, 4) reflectivity from the surface of the 
film structure for a given angle and 
wavelength 

~~“~~~(4) total reflectivity from a given 
angle 

ppolnt(~) total reflectivity from a given 
point 

0 Stefan-Boltzmann constant 
$1, 4) transmissivity of film structure for a 

given angle and wavelength 

LX 

angle of incidence at an interface 
maximum angle from normal between 

point on film and heater 

4 ml” minimum angle from normal between 
point on film and heater. 

energy density of radiation to temperature and wave- 

length is described by Planck’s radiation law. 
The interaction between thermal radiation and 

solid objects is dependent on the complex index of 
refraction of the solid and the wavelength range of 
the radiation. The complex index of refraction, n, 

consists of a real part, n, and an imaginary part, K. 
The interaction of radiation and solids can be under- 
stood by observing the interaction of a single wave- 
length and the solid. In the two-dimensional case, 
plane waves incident to an interface will split up into 
reflected and transmitted waves. For multilayer struc- 

tures there will be reflected and transmitted waves at 
each interface which will interfere with each other. 
The net surface reflectivity can be found by summing 
up the waves exiting the structure and re-entering the 
initial medium. Similarly, the net transmission can be 
found by summing up the waves passing through the 
structure. Resolving the reflectance, p(i, c#J), and 

transmittance, ~(1, d), for a single wavelength and a 
single angle of incidence involves solving Maxwell’s 
equations in each medium and applying the appro- 
priate boundary conditions. This is done by using the 
matrix method [3]. 

2.1. Technique to determine reflectivity jbr incident 
thermal radiation 

The total reflectance of thermal radiation at a single 
angle of incidence, psnple(4), is the sum of the waves 
leaving the structure and re-entering the initial 
medium, where the amount of energy carried in a 
particular wavelength is dependent on Plank’s dis- 
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tribution. The total reflectance can therefore be evalua- 

ted by integrating over the thermal radiation spectrum, 

where ebl is the monochromatic emissive power of a 
blackbody emitter [W m-‘1 and the total reflected 
energy has been normalized to the Stefan-Boltzmann 
law. The sensitivity of reflectivity to film thickness 
change is strongest when the film thickness is on the 

same order of magnitude as the wavelength. In the 
thermal radiation spectrum, the size of the wavelength 
varies by three orders of magnitude. However, the 
largest portion of the energy is carried by a smaller 
range of wavelengths. Any change in optical par- 
ameters for these wavelengths results in the largest 
overall change in total optical property. The sig- 
nificant range of wavelengths can be approximated to 
center around I,,,, which depends on the temperature 
of the emitting heat source, derived by Wien’s dis- 

placement law. 
For cases where the energy is incident upon the 

surface at a range of angles of incidence, the total 
reflected energy from a point on the structure is the 
sum of the reflected energy at all angles leaving the 
surface. For the case of a finite size heater, the range 
of angles that are incident to a point on the structure 
is dependent on the geometry of the heat source. The 
distribution of incident energy per angle can be expre- 

ssed as a weighting of the shape factor for that par- 
ticular angle to the total shape factor between the 
point in question and the heat source 

J FILZ(~) d4 
km 

where F, _ 2(b) is the shape factor, the ratio of incident 

energy at a point to the total energy, and &,,, and 

4 mln are the maximum and minimum viewing angles 
respectively. In our analysis, the Hottel cross string 
method is used to determine these shape factors [lo]. 
The total reflectance to a point, ppoint(x), from several 
angles and several wavelengths can then be calculated 
as 

5 

,P 
m*X Ppoint(X) = ~,,, ~an,d4) W(4) W (3) 

2.2. Technique for determining the total hemispherical 
emissivity 

The multilayer structure emits thermal radiation, 
following Planck’s radiation law, over a hemispherical 
volume. There will be interference within the structure 
due to internal reflections and refractions that affect 
the total hemispherical emissivity. For any semi- 
transparent multilayer structure the absorptivity is 
given by 

a, 4) = 1 -La 4)--G, 4). (4) 

From Kirchoff’s law, the spectral-directional emiss- 

ivities are equal to the respective absorptivities in 

equation (4). The total surface emissivity may be 
found by assuming an isothermal structure and there- 
fore is assumed constant along the surface of the struc- 
ture. The total hemispherical emissivities can be deter- 
mined by integrating first over all angles and then with 
respect to wavelength using Planck’s radiation law, 

&total = 

10-7 0 

(n)(GL,,) 

(5) 

However, for the special case of optically thick 
materials where the thermal radiation is absorbed 
within a few microns from the surface, ~(n, 4) = 0. 

3. MODELING OF THERMAL PROCESS 

For high temperature thermal processing of mul- 
tilayer thin film structures, the film thicknesses which 

produce the most sensitive radiative property changes 
are of the order of microns. Specifically for graphite 
strip heaters at -2OOO”C, A,,,,, is - 1.7 pm and the 
important wavelengths are in the range between 0.2 
pm and 8.0 pm. In order to optimize the thermal 
process, it is important to obtain the temperature 
distribution within the structure. Heat transfer analy- 
ses for these thin films have typically neglected the 
microscale heat conduction and radiation effects. For 
thin films the temperature gradient across the thick- 
ness of the film can be ignored and therefore the 
conduction effects within the thin films are negligible 

in this direction [l 11. 
In order to illustrate the microscale radiation effects 

on the temperature distribution, the heating of a mul- 
tilayer structure subjected to thermal radiation from 

a graphite strip heater with a 3 mm x 1 mm cross 
section that is considered to be 2 mm above the surface 
of the structure was modeled. As an example, this 
model simulates the graphite strip heating of a silicon 
substrate with stacked thin films. A schematic of such 
a process is shown in Fig. 1. 

Moving Graphite Strip 

Bottom Heatin 

FIG. 1. Schematic of the process. 



The governing differential equation of heat transfer 
in a thin film is given by 

where the heat flux q,,, can be approximated as 

4iifm(X) = ~(pou~t(~)~I 3(X)(TTh4ca~er-Etotal~~~~ C71 

where Tli,, is the temperature within the film. k,,, is the 
thermal conductivity of the film, &,, is the thickness of 
the film, GLADE,,, is the absorptivity distribution across 
the thin film surface, F,_,(x) is the radiation shape 
factor from the point in question to the strip heater, 
D is the Stefan-Boitzmann constant, Thcalrr is the tem- 
peraturc of the radiant heater. E~~,(~,, is the emissivity 
from the surface, and ufilm is the thermal diffusivity of 
the film. The substrate is considered optically thick ; 
thus, ~+~~(.a) = 1 -ppolnt(x). For the substrate the 
heat transfer in two dimensions is represented by 

The domain was discretized to model a 60 mm 
diameter x 0.4 mm thick wafer. The strip is considered 
stationary at the center of the wafer to take advantage 
of this configuration’s symmetry. Thus only half the 
wafer is modeled. An uneven grid is used to optimize 
the computational time needed to solve the matrix. 
The grid is finer in the area beneath the strip to 
account for the steeper temperature gradients. The 
horizontal grid spacing is as small as 20 ,um under- 
neath the strip and as large as 500 jlrn near the edge 
of the wafer. The grid spacing in the vertical direction 
is 100 pm throughout the wafer. However, the control 
volume of the surface nodes only extends down 1 pm 
from the surface. This allows the thin film at the 
surface to be accurately characterized. 

For these studies the substrate thermal properties 
are assumed to be silicon’s. The thermal conductivity 
of silicon is assumed to have a constant value of 0.2 
W m- ’ K -‘, the value of the temperature dependent 
thermal conductivity at a temperature near its melt 
point, 1412’C. This gives reasonably good results 
compared to a temperature dependent solution [l I]. 
The values of specific heat and density are 0.98 W kg -’ 
C ’ and 2.3 g cm ’ rcspectivcly. Thermal properties 

in the substrate aEect the t~rnpel-ature greatly, while 
the film’s thermal properties affect the results only 
slightly because of its small size. The boundary con- 
dition on the bottom of the substrate is a radiative 
exchange with a bottom susceptor heater. The edges 
of the film and substrate are assumed to be insulated 
l’or these studies. The initial temperature of the entire 
wafer is 1000 C. 

The addition of thin films to the surface affects 
only the radiative input and resultant reflectivity and 
emissivity profiles. The conduction effects remain the 
same. The anafysis focuses on the changes in therma 

radiation reflectivity and emissivity with changes in 
the film optical properties and thickness. 

4. ANALYSIS 

The analysis, using the technique and model 
described in the previous sections, focuses on identi- 
fying thin film effects that result from optical inter- 
ference between the films and the thermal radiation 
spectrum. For these studies, various silicon and silicon 
oxide structures were used for illustration. Constant 
indices of refraction are used here to illustrate the 
technique presented. The complex index of refraction 
of silicon is 3.5 -O.O5i, while that of silicon oxide is 
1.5 -0.Oi. Several multilayer structure arrangements 
are examined (Fig. 2). 

4.1. Single optically thick film (substrate) 
First an unlayered thick substrate, II = n-0.0%, 

was investigated, where the index of refraction, M, was 
varied (Fig. 2a). The reflectivity and emissivity do not 
vary with wavelength or strip temperature unless there 
are considerable reflections from the bottom interface 
of the substrate. The extinction coeficient, K, dictates 
when the optical thickness of the substrate becomes 
important to consider. If the substrate is considered 
optically thick (i.e. all the energy is absorbed within 
several microns). then the reflectivity becomes depen- 
dent only on the optical properties of the material and 
the angle of incidence. 

Increasing the real index of refraction of the sub- 
strate, the reflectivity and emissivity of the surface 
change dramatically. As expected, reflectivity was 
found to increase (Fig. 3a) and emissivity decrease 
(Fig. 3b) as a function of index of refraction. 

The next structure considered consists of a I pm 
thick film (n = 1.5-0.04 on a substrate (n = 
S.S--0.05) (Fig. 2b). As the temperature of the strip 
changes, the critical wavelengths which carry the most 
energy change according to Plank’s radiation law. The 
reflectivity from the structure will change with the 
shifting of the critical wavelengths. However, the 

FIG. 2. Schematic of structures heated by a black body 
heater: (a) substrate only, (b) one film on substrate, (c) two 

Elms on substrate, (d) three films on substrate. 
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FIG. 3 (a) Effect of varying real index of refraction of sub- 
strate on the reflectivity directly beneath the strip heater. 
(b) Effect of varying real index of refraction of substrate on 

the total hemispherical emissivity. 

effect is very small (- 1%) for typical processing tem- 
peratures. 

In this study, the film thickness was varied from 
0.0 to 2.0 pm in steps of 0.05 pm for a strip heater 
temperature of 2050°C. The reflectivity directly under 
the strip as a function of film thickness is shown in 
Fig. 4(a). The reflectivity initially drops and then rises 
to a steady value of - 0.192. The drop is attributed to 
the thickness of the film which is smaller than the 
wavelengths of the relevant radiation spectrum range. 
The reflections from the second interface for all wave- 
lengths are in phase with the reflection from the first 

interface for near zero film thicknesses. As the film 
thickness increases, the larger wavelengths notice little 
change while the smaller wavelengths begin to shift 
out of phase. The shifting out of phase of the reflected 
waves translate to a decrease in total reflectivity. This 
effect is observed for thicknesses up to 0.25 pm. As 
the thickness continues to increase, the reflectivity 
rises to a steady value as constructive and destructive 
interference cancel out. 

The trend for emissivity is generally the inverse of 

reflectivity. However, a slight decrease in emissivity is 
observed at a thickness of 0.05 pm shown in Fig. 4(b). 
For thickness larger than 0.05 pm, emissivity rises 
then drops off to a constant value of -0.796. This 
slight decrease at 0.05 pm can be understood by con- 
sidering the spectral-directional emissivity in terms of 
reflectivity. Total reflectivity of a point only involves 
the range of angles radiated from the strip to the point, 
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FIG. 4 (a) Effect of varying first film thickness (n,,, < nsuh,,ra,r) 
on the reflectivity directly beneath the strip heater. (b) Effect 
of varying first film thickness (n,,, i nsubstrate) on the total 
hemispherical emissivity. (c) Effect of varying first film thick- 
ness (n,,, < nsubrtratc) on the maximum temperature attained. 

whereas the emissivity considers all angles. At this 
small thickness, the wavelengths that are larger than 

the film thickness contribute little to the reflectivity 
change. The inclusion of the shorter wavelengths at 
larger angles are shifting into phase to create a 
decrease in emissivity. The absolute values of emiss- 
ivity are slightly higher than experimental values 
obtained for silicon because constant optical values 
are used in the calculation. 

For a given structure, generally as reflectivity 
increases, emissivity decreases. Thus, reflectivity and 
emissivity have a cancelling effect on the heat radiated 
to and from the structure. In this single film structure 
however, the importance of reflectivity due to a change 
in film thickness dominates the determination of the 
maximum temperature attained under the strip. This 
occurs because the heat source is over 600°C higher 
than the wafer surface temperature and therefore the 
reflectivity plays a greater role in the radiation heat 
transfer interaction with the wafer. As the film thick- 



ness increases from zero thickness, the maximum tem- 
perature rises because of the strong influence of the 
decrease in reflectivity (Fig. 4~). There is an initial 
change of 50 C in maximum temperature as the film 
thickness increases from zero to 0.30 Llrn. As both 
reflectivity and cmissivity approach constant values at 
larger film thicknesses, the temperature drops slightly 
and reaches a constant value of - 1376’C. In terms 

offilm structure processing, it is evident that the thick- 
ness of the capping film is important to consider in a 
heat transfer analysis. 

In the previous study, the index of refraction of the 

film was lower than the index of the substrate. When 
the index of the film is higher than the substrate, 
n = 4.5-0.0;. nearly opposite effects occur with 
increasing thickness. The reflectivity will initially 

increase rather than decrease (Fig. 5a). The reflection 

off the second interface is initially out of phase with 
the reflection from the first interface. An increase in 
film thickness will bring the two reflections into phase 
up to a point and then the resultant reflectivity will 
approach a steady value. Emissivity decreases with 
increasing thickness. it then increases slightly, and 

then settlcs to a steady value (Fig. 5b). The decrease 
at small film thicknesses observed above does not 

occur because the change in the film’s real index of 
refraction decreases the angles of radiation in the film 
and eliminates the effects of larger angles. 

4.3. TLvo,films on .substrutr 

This study focused on the effects of adding a second 
film (n = 3.5-0.051) on top of the previous film 
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lb) 0.651 I I I I I 
0.0 0.1 0.2 0.3 0.4 0.5 

Film thickness (pm) 

FIG. 5 (a) Effect ofvaryingfirst film thickness (n,,, > nsub,trure) 
on the reflectivity directly beneath the strip heater. (b) Effect 
of varying first film thickness (n,,, > nsuha,ra,c) on the total 

hemispherical emissivity. 

(n = 1.5-O.Oi) on substrate (n = 3.5-0.05i). The 
second film thickness is held constant at 1 .O pm as the 
first film thickness is varied from 0.0 pm to 2.0 /lrn 
(Fig. 2~). The results shown in Fig. 6(a) depict a 
different effect than a single film added to the surface. 
When the thickness of the first film is very small, the 
energy that would otherwise be transmitted into the 

substrate is partially reflected by the film. The reflec- 
tion from the second interface is out of phase with the 
third interface reflection. As the thickness increases 
from zero. the reflections come into phase with each 
other, and the reflectivity increases initially for small 

thicknesses up to 0.3 /cm. As the thickness continues 
to increase, the reflectivity falls to a steady value of 

-0.365. The trends of emissivity are again the inverse 
of reflectivity. Emissivity initially decreases and then 
increases to a steady value of -0.703 as shown in 
Fig. 6(b) 

0.40 

0.35 

0.30 

'/- 
0.251 I I I 

0.0 0.5 1.0 1.5 : 

o'85Y 
0.6Oi- 

0.75 

_~L 

0.70 

0.651 I I I 
0.0 0.5 1.0 1.5 ; 

cl 

0 

1340.01 

Film thickness (pm) 

FIG. 6 (a) Effect of varying first film thickness (n,,, < naub7trii,e) 
on the reflectivity directly beneath the strip heater; for two 
films on substrate. (b) Effect of varying first film thickness 

(%n < %“hrtrafc) on the total hemispherical emissivity ; for 
two films on substrate. (c) Effect of varying first film thickness 

(&I, < Gbrtratr) on the maximum temperature attained ; for 
two films on substrate. 
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The maximum temperature is again strongly depen- 
dent on the reflectivity values (Fig. 6~). Although 
emissivity decreases by - 0.11 to its minimum, as film 
thickness increases from zero, and reflectivity 
increases by only -0.08, the temperature decrease in 
this region shows the significance of reflectivity in the 
final temperature profiles. The temperature rises at 
0.3 pm and settles to a constant value of - 1324°C. 
In fact, these two films on the substrate represent a 
silicon-on-insulator (SOI) structure commonly used 
in the electronics industry. The maximum temperature 
attained depends strongly on the silicon dioxide film 
thickness due to radiative property changes. 

When the index of refraction of the first film is 
greater than the index of refraction of the substrate, 
the reflections off the second and third interfaces are 
still out of phase. The same trends occur for both 
reflectivity and emissivity (Figs. 7a and 7b), although 
smaller absolute changes are noticed. 

The interference effects for small thicknesses are 
considerable and depend on the ratios of the indices 
of refraction between the film and the substrate. As 
the films further increase in thickness, the thermal 
conductive effects may become more important. For 
large thicknesses, the contribution of the optical 
effects may decrease since the waves attenuate over 
the thickness. 

4.4. Threejlms on substrate 
An interesting layering structure to analyze, in 

order to illustrate the effects of a three film structure, 
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FIG. 7 (a) Effect of varying first film thickness (na,, > nJuhstratr) 
on the reflectivity directly beneath the strip heater ; for two 
films on substrate. (b) Effect of varying first film thickness 

(%i, ’ %“b-) on the total hemispherical emissivity ; for 
two films on substrate. 

is the common SO1 layering scheme with a capping 
Si02 film. The first film on a silicon substrate is an 
insulating silicon oxide film, the second film is silicon, 
and the third film is silicon oxide. The effect of varying 
the third film’s thickness while the other two are kept 
constant have already been shown [ 11. The film thick- 
ness was varied from 0.5 to 2.0 pm while the other 
films’ thicknesses were held at 1.0 pm. The results 
indicated the same complex behavior of the optics 
within the multilayer structure. Above melting [7, 81 
and below melting [l] temperatures were considered 
without considering the changes in emissivity. An 
interesting phenomenon occurred at equal oxide 
thickness layering schemes which is characterized by 
a maximum reflectivity and minimum temperature. 
Any slight change in either oxide thickness resulted in 
significant changes in reflectivity which could seri- 
ously alter the temperature profiles and the resultant 
quality of the film. This effect is due to a cross- 
correlation of the reflectivity functions from the two 
oxide films. The cross-correlation has been shown to 
occur for a large range of possible layering schemes 

[91. 
With the inclusion of emissivity changes with film 

thicknesses, the study on varying the third film thick- 
ness was extended (Fig. 2d). The reflectivities and 
emissivities directly underneath the strip were cal- 
culated for varying capping film thickness from 0 to 
5.0 pm (Figs. 8a and 8b). The very thin film effects 
that were identified with a single film on a substrate 
also apply in the multilayer case when the third film 
thickness is also very thin. 

The cross-correlation effect occurs whenever there 
are at least two films with equal optical thickness, nd 
(Table I). When the third film thickness is 1.0 pm, the 
first and third optical thicknesses are equal to 1.5 pm. 
When the third film thickness is 2.333 pm, the optical 
thickness is equal to the optical thickness of the second 
film, 3.5 pm. For a third film thickness of 3.333 pm 
the optical thickness is equal to the addition of the 
optical thicknesses of the first and second films. At 
these thicknesses, the reflectivity shows a peak. The 
cross-correlation effect is present with emissivity as 
well, but is not as well clearly defined. Between these 
points, emissivity is not held as constant, as with 
reflectivity, due to higher angle effects. 

These cross-correlation phenomena can be seen in 
the maximum temperatures attained. At a third film 
thickness of 1.0 pm, the temperature drops to 
- 1358.2”C and then rises to a relatively constant 
value of - 136 1.3”C and again drops at film thickness 
of 2.333 pm to - 136O.O”C (Fig. 8~). The temperature 
again levels off to - 1360.4”C and rises at thickness 
of 3.333 pm to - 1362.3”C. These changes appear to 
be minute; however, in terms of thermal processing 
of silicon wafers, these changes can drastically affect 
the quality of the resulting film. At very thin film 
thicknesses, the maximum temperature increases dras- 
tically for zero thickness to 0.2 pm and then decreases 
to the first cross-correlation point at 1.0 pm. Any 
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FIG. 8 (a) Effect of varying third film thickness (rztilm < 
tfi,rhr,~le) on the reflectivity directly beneath the strip heater; 
for three films on substrate. (b) Effect of varying third film 
thickness (G,~ < nrubstrate) on the total hemispherical emiss- 
ivity ; for three films on substrate. (c) Effect of varying third 
film thickness (nRlm < nsuhsirate ) on the maximum temperature 

attained ; for three films on substrate. 

materials process using this particular layering scheme 
should be designed taking into account this phenom- 
enon in order to carefully monitor the temperature 
distributions in the wafers. 

5. CONCLUSIONS 

A general technique was developed to determine 
the radiative properties of a multilayer structure inter- 

Table 1. Physical and optical thicknesses of films ; three films 
on substrate 

-______ -_-..___ ~. - 
Physical thickness Optical thickness 

Film n Olm) (ium) 
____..._ ..- ~ 
First 1.5 I.0 1.5 
Second 3.5 1.0 3.5 
Third I.5 .y 1.5.X 

acting with thermal radiation (0.2 pm < 3, < 8.0 pm). 
The microscale radiation effects in multilayer thin 
films were considered in a heat transfer analysis for 
processing with a radiant heat source. A model was 
developed to couple the optical and heat conduction 
models for a thick substrate with stacked thin films. 
With this technique the resultant temperature, in par- 
ticular the maximum temperature attained, can be 
dete~ined for various film thicknesses and pro- 
cessing conditions. 

The effects of varying film parameters were exam- 
ined for four different cases : optically thick film (sub- 
strate), and one film, two films, and three films on the 
substrate. The effect of different optical properties for 
an unlayered substrate on the reflectivity and emiss- 
ivity were analyzed. As the index of refraction 
increases the reflectivity increases and the emissivity 
decreases. 

In the case of one or two films on the substrate, the 
reflectivity, emissivity and temperature profile depen- 
dency on film thickness was considerable for film 
thicknesses beIow b 0.3 pm. For greater thicknesses, 
the properties and maximum temperatures stayed 
fairly constant. 

The reflectivities and emissivities for a capped SO1 
structure were calculated for capping film thicknesses 
that varied from 0.0 to 5.0 pm. There is still a drastic 
change in radiation properties for initial increasing 
thickness. The cross-correlation effect [9] was 
observed at equal optical thicknesses. For other thick- 
nesses, the reflectivities remained fairly constant with 
slight deviations. This effect could also be seen in 
changes in emissivity, although not as clearly. 
However, the results of these effects could be seen in 
the maximum temperatures attained under the strip 
heater. Temperature dips were observed at 1.0 pm 
and 2.333 pm and a temperature rise was seen at 
3.333 /*m. 

In each structure, the reflectivity was found to be 
very important in the determination of the maximum 
temperatures. Emissivity values were found to be 
higher than experimentally determined values because 
constant optical properties were used instead of wave- 
length dependent optical properties, but the same 
trends were captured. However, such optical data is 
scarce at elevated temperatures. 
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