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Calculation of thermal emissivity for thin films by a direct method
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The emissivity variation of a body, according to the modifications of its surface, has been described by two
kinds of arguments. A direct argument consists in adding the energy, leaving each element of volumedV,
considered as independent and incoherent Planckian radiators, weighted by its transmissions and its possible
reflections. An indirect argument consists in assuming the validity of Kirchhoff’s law. The emissivity is then
deduced from the absorption coefficient calculated by using a huge collection of theoretical means. However,
in the case of very thin films deposited on a substrate, the emissivity calculated according to their thickness
does not give the same results, depending on the argument used. As a matter of fact, up to now the direct
argument did not allow a description of interferential phenomena. Such phenomena are still observed when the
film thickness is lower than, or of the same order of magnitude as the wavelength of the radiation con-
cerned. On the other hand, the use of Kirchhoff’s law requires delicate handling in the case of mesoscopical
structure materials. Besides, the indirect method leads to an argument by default, which occults a part of the
physics implied. Here, a direct model is proposed, only based on emission phenomena. This direct theory
allows a description of the interferential behavior in thermal radiation, by taking into account the self-
coherence of the emitted waves, in contrast to the previous direct approach. It is shown that this approach
accounts for the experimental behavior of growing thin films.@S0163-1829~98!01812-8#
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I. INTRODUCTION

A. Direct and indirect arguments

The study of the thermal radiation process still remains
interesting topic. It concerns various application fields, su
as pyrometry, radiative heat transfer, and more recently,
mote sensing or object signature prediction and cont
Nowadays, the radiative properties analysis is even con
ered as a possible and alternative means ofin situ surface
investigation and control during surface treatments. Bu
develop these kinds of applications, it is necessary to h
theoretical models allowing us to calculate the emissivity
the material studied, depending on its physicochemical
structural parameters.

Actually, few theories can describe directly the emissiv
of a body, except for black bodies using Planck’s radiat
law which is a theoretical one, and the fundamental the
on spontaneous and induced emissions using the Ein
coefficients; this is even more true for a real body in r
situations. In particular, no theory allows for direct determ
nation of the emissivity of mesoscopical structures, such
multilayers structures, microroughness, microcermet st
tures used, for instance, in selective absorbant layers, o
sues in infrared reflecting materials still studied. More ge
erally, we note that in reference handbooks on optics,
theoretical description of the radiative properties of mater
is often particularly succinct.1

For the emissivity« of a real body, the small amount o
theoretical means is certainly due to its definition given w
respect to the emissive properties of a theoretical body.
the contrary, many theories describe the reflection, trans
sion, and absorption coefficientsr, t, anda, according to the
physical properties of a material and of its surface, such
reflection and refraction theories, thin films theory, effect
570163-1829/98/57~15!/9293~8!/$15.00
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medium theory, etc. These coefficients are easy
use: they are simply defined with respect to a chosen
mary incident wave.

To circumvent the difficulty linked with its definition, a
recently pointed out in a study performed by multiple wav
lengths pyrometric interferometry,2 the emissivity is usually
calculated by an indirect argument that transforms an em
sion problem into a reflection problem.3–6 It consists in cal-
culating the reflection~r!, transmission~t!, and absorption
~a! coefficients of the system, in order to determine the em
sivity value~«! by using at the end of the calculation both th
conservation energies relation (a512r2t) and Kirch-
hoff’s second law («5a).

The direct argument is practically unused. It consists
trying to obtain the global radiative behavior of a real bod7

from the spectral volume emissive power of the matter (j l)
divided into elements of volumedV. The idea was propose
by H. O. McMahon in 1950~Ref. 8! and developed by R
Gardon in 1956.9 But this direct model, as already pointe
out by A. K. S. Thakur,10 does not always give the sam
results as the indirect model@Fig. 1~d!#. Incidentally, among
other reasons, this has for a long time fueled controversy
the range of validity of Kirchhoff’s law.11,12 Yet today this
law seems well established, at least in the field of line
optics and in the case of elastic scattering, considering
induced emission as negative absorption. This is true e
for macroscopic complex systems in nonthermal equilibri
with the surrounding radiation fields, provided the body
considered at uniform temperature~constant or varying very
slowly! or more precisely, provided the material quantu
states of this body obey the equilibrium distribution, a
provided the problems linked with the reflection reciproc
of the materials are taken into account.11–16

As a matter of fact, and as we will see later, t
McMahon-type direct models are available only for materi
9293 © 1998 The American Physical Society
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that are homogeneous and macroscopic. They become un
able in the case of mesoscale structures, for instance, a b
substrate covered with a thin film whose thickness is inferi
to or of the same order of magnitude as the wavelengthl.

Therefore, an indirect argument is mainly used nowada
to determine the emissivity of any real body. But this indirec
argument is an argument by default which omits the em
sion process actually studied. Besides, its use is not alwa
appropriate. In some cases of inhomogeneous materials
mesoscopical scale, an effective medium cannot be defin
and then the parametersa, t, andr cannot be calculated. On
the other hand, even when the calculation of the paramet
is possible, the use of Kirchhoff’s second law is difficult to
justify in this range of sizes.

B. Case of emissivity oscillations during growth of films

Among various application fields, these models are e
pected to describe the evolution of the optical properties
the surface during its modifications. For instance, therm
radiation fluctuations are experimentally observed during t
first steps of the growth of films deposited on substrates~Fig.
1!. These fluctuations were first used successfully as a me
of controlling surface treatment processes, by Dumin17 who
monitored the growth of Si on sapphire, and by Clark an
co-workers18 who measured the endpoint film thickness~in
the case of Al2O3 deposition on silicon substrate!. Later,
small, nonuniform variations of spectral and directional ra
diative power have been observed by IR spectrometric o
servations, during the first stages of oxide growth on tun
sten substrate performed at constant temperature.5,19 Since
then, many similar observations of periodical fluctuations

FIG. 1. ~a! Apparent temperature oscillation during sequentia
growth of epitaxial layers of AlAs~1!, Ga0.61As0.39, As ~2!, and
GaAs on GaAs substrate~3! by A. J. Spring Thorpeet al. ~Ref. 20!.
~b! Variation of apparent temperature during deposition of diamon
on Mo substrate by K. A. Snailet al. ~Ref. 21!. ~c! Apparent tem-
perature measured during deposition of silicon on SiO2 with two
deposition rates by R. Buchtaet al. ~Ref. 22!. ~d! Relative emissiv-
ity variation at l52.3mm during growth of diamond on silicon
substrate by S. Barratet al. ~Ref. 23!. «0 is the clean silicon sub-
strate emissivity at the beginning of the treatement.« f is the emis-
sivity of diamond. 1: Experimental results~dotted line!. 2: Usual
indirect modeling~periodical solid line! 3: Direct modeling by Mc-
Mahon method~monotonical solid line!.
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thermal radiations or more simply of temperatures indica
by a pyrometer, have been made during CVD~chemical va-
por deposition! on MWCVD ~assisted by microwave! sur-
face treatments~Fig. 1!,20–23 or during molecular-beam epi
taxy ~MBE! processes.24

The interferential nature of these oscillations is now
proven fact. Indeed, we know that the indirect model pre
ously mentioned can describe correctly this nonuniform th
mal emission behavior in the simple case of homogene
deposit.5,6,22 It allows us to know,in situ and in real time,
some microscopic surface parameters, and then to fol
their evolution during a surface reaction,23,25 but with the
reservations previously expressed.

On the other hand, by using the classic direct method,
calculation of«5 f (t), for the simple case of a semitranspa
ent thin film growth@thickness equal toh(t)# on an opaque
substrate, ends up in a monotonic evolution incompati
with the experimental data.10 Only the initial values«05«
(t50) and the«(t) values for a very thick film are correc
@Fig. 1~d!#. They correspond respectively to the emissivity
the clean substrate (h50) and the emissivity of the film
material when it is sufficiently thick to be opaque. Ther
fore, a direct model actually dealing with the emissive ph
nomenon and able to describe correctly this experime
behavior has surprisingly not been written yet.

In the present paper such a direct model is proposed.
the counterpart of the usual indirect model, but removes
ambiguity due to thede factoapplication of Kirchhoff’s law.
It could be an interesting theoretical way to calculate
radiative power of mesoscopical structure materials.

II. THEORY

A. Usual direct model „McMahon-type…

Let a system at the uniform temperatureT be composed
of ~a! a substrate~medium noted 3, Fig. 2! with a complex
refractive indexn̂3(T)5n32 ik3 and sufficiently thick to be
considered opaque,~b! a deposited film~medium noted 2,

l

d FIG. 2. Radiation emitted by a system composed of a film~2!
deposited on a substrate~3!.
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57 9295CALCULATION OF THERMAL EMISSIVITY FOR THIN . . .
Fig. 2! with a refractive indexn̂25n22 ik2 and a thickness
h(t). This freely radiating system is in vacuum~medium 1
with n̂151!. Let ei(l,T)dl be the radiative power per un
volume in the rangel6Dl/2 for each medium (i ). Each
element of volume is considered as an independent so
~Planckian radiator! emitting incoherent beams. In order
simplify, all the subsequent arguments will be written out
the normal emergence,u50. The total radiative energy re
leased inOy direction per unit area emerging from the upp
surface of the film (y5h) per unit time and unit solid angle
is given by integration over the whole volume of the cont
bution of the radiative powerei(l,T)dl of each element of
volumedV at temperatureT, in the substrate (i 53) and in
the film (i 52). Each contribution is the result of the ener
coming from eachdV simply weighted by the absorption
exp(24pk2l/l) and/or exp(24pk3l/l), along the pathl
through medium 2 and/or 3 and suffering multiple abso
tions and transmissions within the film.7,26–28

With Kirchhoff’s law,

e2~l,T!/k25e3~l,T!/k35e~l,T!/k ~1!

and after integration of all the contributions, the total rad
tive energy released inOy direction is

I ~l!dl5
le~l,T!dl

4pk
$T31exp~24pk3h/l!

1T21@12exp~24pk2h/l!#%, ~2!

whereT31 andT21 are the net intensity transmission coef
cients for the interfaces 3/1 and 2/1.27

The black body radiations can be expressed as

I 0~l!dl5le~l,T!dl/4pk. ~3!

Thus, the spectral and normal emissivity is usually expres
as @from Eqs.~2! and ~3!#

~4!

The total energy of the system being calculated from in
herent radiations emitted by eachdV @Eq. ~2!#, we can see
that whenh varies from zero to a thickness equal to t
penetration depth, the emissivity@Eq. ~4!# varies monotoni-
cally from the emissivity«31 of medium 3 to the emissivity
«21 of medium 2 that has become opaque@as for example on
curve 3, Fig. 1~d!#.

B. Indirect model

In an indirect argument for the same system~at uniform
temperatureT!, a primary plane wave~with a wavelength
equal tol! is considered incident underu on the upper sur-
face and coming from the vacuum~Fig. 3!. With Kirchhoff’s
law and the energy conservation law, the emissivity undeu
«u,l,T of this system can be expressed as

«u,l,T5au,l,T512ru,l,T ~5!
ce

r

r

-

-

ed

-

with au,l,T the absorption coefficient,ru,l,T the reflection
coefficient, and a transmission coefficienttl50 since me-
dium 3 is opaque.

Then foru50 and fixed thicknessh, the reflection coef-
ficient can be calculated from the thin film theory as

rl,T~h!5
Ae2a21Be22a21C cos 2g21D sin 2g2

e2a21ABe22a21E cos 2g21F sin 2g2
, ~6!

with

a252pk2h/l and g252pn2h/l , ~7!

and whereA,B,C,D,E,F are different constants dependin
only on the complex refractive indices of each mediu
n̂2(l,T) and n̂3(l,T), and previously defined.28

By this classical method~division of amplitude! the emis-
sivity shows an interferential behavior when the thickne
increases, exactly as experimentally observed.23 Experimen-
tal observations of emissivity variations during the film
growth performed simultaneously at different wavelengthsl
have allowed us to confirm the validity of this model.29 We
can show that the maxima and minima experimentally o
served on« occur at values ofn2h given, respectively, by
~for n2.n3 andn151!:

n2h5~2m12!l/4 and n1h5~2m11!l/4 , ~8!

with m integer and inversely forn2,n3 , n151. We can
show that the damping is proportional tol/4pk2 .

C. Direct model of emissivity by division of amplitude method

If the indirect models are incontestable under the restr
tions previously mentioned, in fact they occult the therm
emission phenomenon studied. Here, for the samesubstrate
1film system as above, each element of volume is cons
ered~as in Sec. II A! as an independent radiative source
given temperatureT. From this volumedV some waves are
emitted in all directions, in the rangel6Dl/2.

We assume a volumedV immersed in an infinite body,
called medium (i ), with medium/vacuuminterfaces infinitely
remote. A unit surfacedS at distancel for u50 from dV

FIG. 3. Reflection of an incident wave on a film-substra
system.



an

h

-
ve

y

to

r
x

,

th

za
om
t

-

9296 57P. PIGEAT, D. ROUXEL, AND B. WEBER
~Fig. 4! receives a wave emitted fromdV, here for the elec-
tric field and in the direction of propagationr , as

E~ l !5I ie
ivte2 i ~2p l /l!n̂1 , ~9!

with I i the intensity of the wave emitted bydV. Under the
same directionr , this surface receives from a half space
energy which will be proportional to

Wi5E
2`

0

uE~y!u2dy5E
2`

0

I i
2e24pyki /ldy5

lI i
2

4pki
, ~10!

with uEyu25EyEy* ~Ey* conjugate-complex ofEy!.
This surface receives the same energy from the other

space on its other side, under the direction2r . This ‘‘aper-
turedS’’ is in thermodynamic equilibrium. It emits in direc
tion r what it receives under the same incidence. It beha
like a black body ‘‘cavity aperture’’with Wi5W0 , the total
radiative intensity of a radiation emitted by a black bod
exactly in the same way as a material surfacedS had been
enclosed in a perfect black body cavity. The Poynting vec
of this radiation will be

Si5S05n̂icWi /4p. ~11!

1. Refractive index discontinuity influence

The medium (i ) with refractive indexni2 ik i is now a
material half space~Fig. 5!. The other half space is anothe
medium~1!, for example, the vacuum with refractive inde
n151.

A dS surface taken on the interface (i )/(1) receives from
medium (i ) on its internal side the previous energyW0 , but
due to the presence of the refractive index discontinuity
part of each wave~emitted from eachdV! is reflected into
the medium (i ) and only a part of each wave emerges to
upper medium~1!. For normal incidenceu50, the coordi-
nate system shown in Fig. 6, with the specificationss andp,
respectively, for the perpendicular and the parallel polari
tion, the Fresnel equations describe the refraction phen
ena according to the polarization of the waves, written
simplify as follows for the transmission:

FIG. 4. A surfacedS in the bulk of a medium (i ) determines
two semi-infinite bodies. On each of its sides, this surfacedS re-
ceives identical radiations from these two bodies.
alf
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t ~ i !/15t ~ i !/1
s 5t ~ i !/1

p 5
2n̂i

n̂i1n̂1
, ~12!

and for the reflection

r ~ i !/15r ~ i !/1
s 5r ~ i !/1

p 5
n̂i2n̂1

n̂i1n̂1
. ~13!

The internal side ofdS receives from medium (i ), the sub-
strate, the wave emitted bydV ~at distancel and foru50!

Ei5I ie
ivte2 i ~2p l /l!n̂i. ~14!

The part of this wave ‘‘emitted’’ in directionOy by the other
side ofdS into medium~1! is ~for u50! as follows:

Ei
t5t ~ i !/1Ei5

2~ni2 ik i !Ei

ni2 ik i11
. ~15!

FIG. 5. On an index discontinuity (1/i ), a surfacedS receives
on its internal side~medium i ! the radiation emitted by each ele
ment of volumedVi.

FIG. 6. Orientation of electric fieldsEs andEp during reflection
and transmission.



or

y

e

o
e
ex

re
er

m

r

1

a
te a

a
te
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The energy of this wave will be proportional to

dW~ i !/15uEi
tu25I i

2t ~ i !/1t ~ i !/1* e24p lki /l. ~16!

Thus, as above, the energy emitted in directionOy by the
medium (i ) will be proportional to

W~ i !/15E
2`

0

uEi
t~y!u2dy5

lI i
2

4pki
H 4@~ni

21ni1ki
2!21ki

2#

@~ni11!21ki
2# J ,

~17!

and the Poynting vector of the set of waves will be

S~ i !/15
c

4p
n̂1W~ i !/1 . ~18!

The time average of the ratio of the Poynting vectors bef
and after the transmission will be

K S~ i !/1

Si
L 5ReH n̂1

n̂i
J t ~ i !/1t ~ i !/1* 5

4ni

~ni11!21ki
2 5« i1 , ~19!

where Re$n̂1% is the real part ofn̂1 and whereSi is the Poyn-
ting vector of the set of waves before the transmission@Eq.
~11!#, and therefore identical to the set of waves emitted b
black body. Equation~19! gives the emissivity« i1 of the
medium (i ) measured in medium 1~i.e., the vacuum!. It is
the same result as the one obtained by an indirect argum
using the reflection on medium (i ) of an incident wave. We
show here that for any freely radiating body the existence
the notion of emissivityis in fact due to the presence of th
interface, that is to say the discontinuity of a refractive ind

2. Thermal radiation emitted by asubstrate1f i lm system

The total emissivity of thesubstrate1film system used
above Sec. II A is the sum of two contributions, which a
independent because the waves concerned are incoh
with one another:

~a! the energy emitted by the substrate~medium 3! at the
temperatureT, seen through a deposited film~medium 2!
which would have no thermal emission but would get then̂2
index of the medium for this temperature,

~b! the energy emitted at the temperatureT by the film
deposited on a substrate which would have no thermal e
sion but would get then̂3 index for this temperature.

Substrate contribution: The waves emitted bydV in me-
dium 3 leave the system after multiple-transmissions and
flections in the film~with thicknessh, Fig. 7!. We assume
that this film has no thermal emission but the value ofn̂2 is
the one for temperatureT. With uE3p

t u25uE3s
t u2 for u50,

then we calculate@Eq. ~9!# the waves emitted in medium
by an element of volume at the depthl as

E3
t 5I 3eivtt ~2!/1t ~3!/1e

2 i ~2p/l!n̂3l

3H (
j 50

1`

r ~2!/1
j r ~2!/3

j e2 i ~2p/l!@ n̂2~2 j 21!h#J . ~20!

Hence, withuE3
t u25E3

t E3
t* , the total energy due to medium

3 and emitted in medium 1 will be proportional to
e

a

nt

f

.

ent

is-

e-

W3/~2!/15E
2`

0

uE3
t ~y!u2dy

5
I 3

2l

4pk3
S ut ~2!/1t ~3!/2u2

Q~h! De2~4p/l!k2h, ~21!

with Q(h) a constant depending ofn1 , n2 , n3 , k2 , k3 , l,
and depending onh, the thickness of the film.

As above@Eqs.~10!, ~18!, and~19!# we can calculate the
equivalent of an emissivity. This is the contribution of
substrate but seen through a film, and we can calcula
partial emissivity as follows:

«3~2!15 K S3/~2!/1

S3
L 5ReH n̂1

n̂3
J 4pk3

lI 3
2 W3/~2!/1 , ~22!

with S3 calculated from Eq.~10!. When h→0, we check
that «3(2)1 @Eq. ~22!# is equal to«31 @Eq. ~19!#.

Film contribution: Similarly the element of volumedV is
now in medium 2. Here, two waves emitted fromdV can

FIG. 7. Multiple reflection~in medium 2! of waves emitted by a
volumedV in medium 3.

FIG. 8. Multiple reflection in medium 2 of waves emitted by
volumedV of the film. Here waves 1 and 2 leave the film-substra
system under the same angleu.
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emerge in the vacuum~Fig. 8!. Waves 1 and 2 give, afte
multiple reflections and transmissions, emitted waves
which the energy isuE2

1t1E2
2tu2 for u50 and for wave 1:

E2
1t5I 2eivtt ~2!/1e

2 i ~2p/l!n̂2~h2 l !

3F (
j 50

1`

r ~2!/1
j r ~2!/3

j e2 i ~2p/l!n̂22 jhG , ~23!

and for wave 2:

E2
2t5I 2eivtt ~2!/1r ~2!/3e

2 i ~2p/l!n̂2~h2 l !

3F (
j 50

1`

r ~2!/1
j r ~2!/3

j e2 i ~2p/l!n̂22 jhG . ~24!

For the whole thickness of the film the energy will be pr
portional to~integrating for 0, l ,h!

W21/~3!5E
2`

0

uE2
1t~y!1E2

2t~y!u2dy. ~25!

The partial emissivity of this film deposited on a substr
which would have no thermal emission will be calculated
above@Eq. ~22!#, i.e.,

«21~3!5 K S21/~3!

S2
L 5ReH n̂1

n̂2
J 4pk2

lI 2
2 W21/~3! , ~26!

with S2 , the Poynting vector of these waves emitted in m
dium 2 and calculated with the intensityW2 as in Eq.~10!.
Whenh→1`, we check that the result~26! is equal to«21,
i.e.,

«21~3! 5
h→1`

«215
4n2

~n211!21k2
2 . ~27!

As in Eq.~19!, this partial emissivity is the real emissivity o
a semi-infinite medium 2 emitting in vacuum.

Emissivity of thesubstrate1film system: The energeti
contributions~with respect to the energy of waves emitted
a black body! for the film and substrate components ha
been calculated as partial emissivities. The proportion of
ergy~with respect to the black body! of the waves emitted by
the system will be equal to the sum of these partial emiss
ties @Eqs.~22! and ~26!#, i.e.,

~28!

When the thickness of filmh→1`, we check that the sec
ond term of Eq.~28! tends to zero~substrate contribution!
and the first one tends to«21 @Eq. ~27!#. The energy of waves
emitted by the substrate and transmitted through the
becomes negligible and the partial emissivity of the film b
comes equal to the real emissivity («21) of a half space of
medium 2.

When, on the contrary, the thickness of the film tends
zero, the first term also tends to zero and the second ter
«3(2)1, which is more complicated because of the prese
r

e
s

-

n-

i-

-

o
to
e

of the reflection and transmission coefficients function ofn2

andk2 which becomes equal to«31, i.e., the real emissivity
of a half space of medium 3:

«21~3! 5
h→1`

«315
4n3

~n311!21k3
2 . ~29!

By superposition, we check that the result of Eq.~28! is
exactly similar to the final results obtained by using the p
vious indirect model, but this argument presents the prob
of being based on the radiative phenomena really studie

In Fig. 9 are plotted the numerical results of emissiv
obtained by the three exposed models for the same value
l, n̂1 , n̂2 , andn̂3 , versus the thickness of a film~medium 2!
deposited on substrate~medium 3!. The valuesn251.45,
k250.13, n352.65, andk350.08 are determined for the
case of a diamond deposit on silicon substrate at 800
observed atl52.3mm. In dotted line are plotted the nu
merical results of the classical direct model@Eq. ~4!# for the
partial emissivity of the film and of the substrate se
through the film. The global result of thefilm1substratesys-
tem is represented by the dotted curveA. As mentioned
above, this emissivity is monotonic and increasing stead
from «050.79, i.e., the substrate emissivity«31 @Eq. ~29!# to
« f50.96, the final emissivity when the film is sufficientl
thick to be considered as opaque@« f5«21, Eq. ~27!#. The
curves in solid line represent the numerical results of
direct model presented in this paper@Eq. ~28!# for the partial
emissivity of the film~curveB! and for the substrate~curve
C!. The evolution of the global emissivity of thefilm
1substratesystem@Eq. ~28!# is presented by curveA ~solid
line! and is perfectly similar to the one obtained by the cla
sical indirect model exposed Sec. II B@Eq. ~5!#.

FIG. 9. Theoretical emissivity evolution«(h) during the growth
of a deposit~medium 2, thicknessh, refractive indexn̂2! on an
opaque substrate~medium 3, n̂3!. «(h) is calculated by a usua
direct model based on the McMahon method~dotted line! and by
the direct model based on division of amplitude method~solid line!.
The curves notedC andB are, respectively, the partial emissivit
evolutions of the deposited film and of the substrate under the
posit. The curves notedA are the global emissivity evolutions fo
the film-substrate system. The solid lineA is exactly identical to the
results of an indirect model based on thin film reflection theo
calculated with concerned values ofn̂2 and n̂3 .
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III. EXAMPLE OF APPLICATION

The growth of thin diamond layers on a silicon substr
was studied by pyrometric observations. The deposit w
obtained by a microwave-plasma-assisted CVD. The py
metric observations were carried out at a wavelength of
mm with an Ircon 6-15C15 pyrometer from the early stage
the treatment. During the experiment the temperature
controlled by a thermocouple.23,29

Pyrometric signal oscillations are observed during the
tial stage of the growth of the film@Fig. 1~d!#. In spite of the
variation of the apparent temperature, the actual tempera
of the sample remains constant during the reaction. Th
oscillations are due to the emissivity variations, easy to
tain from the pyrometer signal. They cannot be predicted
usual direct theory@Fig. 1~d!#.

Figure 10 shows these experimental emissivity variati
«/«0 vs the ratioh/l, during diamond deposition on silico
substrate at a temperature equal to 800 °C.23 h is the film
thickness at timet, l the wavelength observed by the p
rometer and,«/«0 the ratio of emissivity at timet on the
emissivity before treatment, i.e., in this case silicon emiss
ity. Thicknessh(t) is obtained by the measurement of t
total thickness at the end of the treatment~by scanning elec-
tron microscopy! and assuming a linear kinetic lawh(t)
5kt.

In this figure we note that the emissivity variations ta
place in the range where McMahon’s model~dotted line Fig.
10! is irrelevant. Indeed, the film thickness is here sma
than or in the same order asl (0,h,2l), and largely
inferior to the coherence lengthl2/Dl of the observed ra-
diations.

On the contrary, we can see that the direct model p
sented here~full line, Fig. 10! can describe quite closely th
experimental observations. By adjustment of the theoret
parameters to fit the experimental behavior, we can de
mine several characteristics of the material during dep
tion. For instance, we obtained here the previously unkno
index of diamondn̂2 at 800 °C.23

Nevertheless, in some cases there is a small rang
growth, at the very beginning, where the data are not v
well fitted. Actually, during the first stage of the reaction, t

FIG. 10. Relative emissivity variations«/«0 at l52.3mm dur-
ing growth of diamond on silicon substrate, vs the ratioh/l ~dotted
line!. The treatment is performed atT5800 °C. These data ar
compared to the results of the interferential direct model~full thick
line! and the results of McMahon-type model~full thin line!. These
theoretical results have been obtained using layer by layer gro
assumption from the beginning of the reaction, and withn2

51.45,k250.13, andn352.65,k350.08.
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optical calculation based on the layer by layer growth@two-
dimensional~2D! homogeneous# is not relevant when the
number of nucleation sites is too small. This was obser
for diamond film growth30 as well as for the first stage o
oxide layer growth on metal.5

In Fig. 11, we can see the emissivity ratio«/«0 at l5
2.3mm vs ratioh/l, observed31 during a diamond growth
performed at 850 °C on a different silicon substrate with
nucleation density inferior to 2 108 cm22. We verify that our
direct model based on a layer by layer growth is well adap
for h/l.0.3, with a delay~D! applied at the beginning of the
numerical curve. In fact, we know by scanning electron m
croscopy observations30 that the growth begins by a nucle
ation stage, which explains the previous delay.31 The crystal-
lites are then very small and randomly distributed. Only af
h/l'0.3, these crystallites are joined and cover the wh
surface. Today we can describe the evolution of this hete
structure versus time.32,33 Thus we know that the layer by
layer model is correct by first approximation from the tim
of crystallite coalescence. From this coalescence thresh
apart from the residual microroughness,34,35 the radiating
sample can be considered as a 2D homogeneous system
can show the optical behavior of a thin compact film dep
ited on a substrate. Then the fitting becomes quite accu
@Fig. ~11!#.

Under the coalescence threshold, it would be necessa
calculate the emissivity of a randomly mesoscale hete
structure. Similarly it would be necessary to take into a
count the influence of the residual roughness on the com
film. For this kind of structure,r, t, and a are calculated
when possible by using the effective medium theories,
instance for diamond.25 We should note that this is anothe
case where Kirchhoff’s law in the usual indirect argument
far from being automatically applicable. Therefore, the
rect argument described in this paper opens the way to
perspectives in studying the radiative power of mesosc
structures such as, for example, composite materials, gr
lar or porous films, and so on.

IV. CONCLUSION

In this paper, we showed that a direct method based
the division of amplitude can be used to calculate directly

th

FIG. 11. Relative emissivity variations«/«0 at l52.3mm dur-
ing the first stage of diamond film growth on silicon substra
performed atT5850 °C~dotted line!. The number of initial growth
sites has been measured equal to;23108 cm22. The solid line
shows the results of the interferential direct model based on a l
by layer growth of the deposited film, but with an initial offsetD
and forn251.45,k250.13, andn352.65,k350.08.
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emissivity of asubstrate1film system, without using Kirch-
hoff’s second law. This method consists in considering
inhomogeneous material on the scale of the radiation c
cerned; for example, the thickness of a thin film on a mass
opaque substrate, as a juxtaposition of Planckian sour
emitting incoherent waves.

We checked that the classical direct models such as
Mahon’s based on the simple addition of the energies
waves emitted by each volume element, do not allow us
describe the real behavior experimentally recorded in
scale range. We showed here that they are actually only
propriate for calculating the emissive power of thick film
where the thickness(h) is larger than the coherence lengt
of the observed radiation in the rangel6Dl/2.

On the other hand, the application of this direct model
thermal emission for a material system with mesoscop
structure—for example for a film whose thickness is infer
to or of the same order as the wavelength—shows that
actually possible to describe the emissivity fluctuations
perimentally observed. It describes these fluctuations exa
as predicted by the indirect model using Kirchhoff’s seco
law. As a matter of fact we note the similarity, especia
in the case studied here, of deposited thin films, between
results of the model proposed and those obtained by the
direct argument. In return, it confirms the supposed valid
o
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of Kirchhoff’s relation in this particular case. Howeve
different problems arise for the user of the indirect argume
the effective medium needed for the indirect resolution d
not always exist; one instance is in the vicinity of a perco
tion threshold for optical phenomena. Besides, the use
Kirchhoff’s second law to calculate the emissivity of mes
scopical materials with complex structure is far from cle
In fact, most of the time, this argument by default concern
inhomogeneousmaterials uses, at the end of the calculatio
Kirchhoff’s law which implicitly assumes ahomogeneous
system without any justification.

This direct model concerns the thermal emission pheno
enon actually studied. In particular, it allows one to point o
interferential phenomena in emissivity, which is usually co
sidered an incoherent and diffuse phenomenon. Theref
this direct model is, from a theoretical point of view, a
interesting alternative for the calculation of the emiss
properties of a complex mesoscopical structure. For
ample, this direct model can be easily extended to the ca
lation of multilayer materials. The case given in this paper
the in situ study of the growth of diamond film on silicon
seems promising in this way. It also shows the possibilit
offered by this approach for the diagnosis and control,in situ
and in real time, of surface reactions and growth process
T.

s.

hin

ber,
ate-

hin

r.

. B
1M. Born and E. Wolf,Principles of Optics~Pergamon, Oxford,
1970!.

2F. G. Boebel and H. Moller, J. Cryst. Growth127, 1010~1993!.
3R. R. Brannon, Jr. and R. J. Golstein, J. Heat Transfer5, 257

~1970!.
4V. N. Kovalev, Heat Transf.–Sov. Res.~USA! 15, 80 ~1983!.
5P. Pigeat, N. Pacia, and B. Weber, Appl. Surf. Sci.27, 214

~1986!.
6P. Pigeat, N. Pacia, and B. Weber, Thin Solid Films201, 217

~1991!.
7A. Hadni, Essentials of Modern Physics Applied to the Study

the IR ~Pergamon, Oxford, 1967!.
8M. O. McMahon, J. Opt. Soc. Am.40, 376 ~1950!.
9R. Gardon, J. Am. Ceram. Soc.39, 278 ~1956!.

10A. K. S. Thakur, Phys. Status Solidi A97, 123 ~1986!.
11E. C. Zimmermann and A. Daleher, J. Opt. Soc. Am. A8, 1947

~1991!.
12M. Sasanuma, J. Phys. Soc. Jpn.64, 448 ~1995!.
13M. A. Weinstein, Am. J. Phys.28, 123 ~1960!.
14H. P. Baltes,Progress in Optics XIII, edited by E. Wolf~North-

Holland, Amsterdam, 1976!, Chap. I.
15W. Eckhardt, Physica A128, 467 ~1984!.
16S. H. Yueh and R. Kwok, Radio Sci.28, 471 ~1993!.
17D. J. Dumin, Rev. Sci. Instrum.38, 1107~1967!.
18C. A. Clark, J. F. Roberts, and C. A. Dumbri, German Patent

19 39 667.9, 1970.
19B. Weber, G. Sum Yuen, P. Pigeat, and N. Pacia, inStudies in

Surface Science and Catalysis, edited by C. Morterra, A.
Zecchina, and G. Costa~Elsevier, Amsterdam, 1989!, Vol. 48,
p. 919.
f

.

20A. J. Spring Thorpe, T. P. Humphreys, A. Majeed, and W.
Moore, Appl. Phys. Lett.55, 2138~1989!.

21K. A. Snail and C. M. Marks, Appl. Phys. Lett.60, 3135~1992!.
22R. Buchta, S. L. Zhang, D. Sigurd, and K. Lindgren, Appl. Phy

Lett. 62, 3153~1993!.
23S. Barrat, P. Pigeat, I. Dieguez, E. B. Grosse, and B. Weber, T

Solid Films263, 127 ~1995!.
24I. P. Herman,Optical Diagnostics for Thin Film Processing~Aca-

demic, Boston, 1995!.
25Z. Q. Wang, D. Stroud, and S. A. Dregia, Phys. Rev. B50,

12 073~1994!.
26R. Raman and A. Thakur, Thin Solid Films87, 101 ~1982!.
27A. Thakur and R. Raman, Appl. Energy15, 1 ~1983!.
28O. S. Heavews,Optical Properties of Thin Solid Films~Butter-

worths, London, 1955!.
29S. Untereiner, S. Barrat, P. Pigeat, E. B. Grosse, and B. We

Proceedings of 4th European Conference on Advances in M
rials and Processes, Venice-Padua, Italy, 1995, edited by P.
Bufalini ~AIM, Milano, Italy, 1996!.

30X. Jiang, K. Schiffmann, and C. P. Klages, Phys. Rev. B50, 8402
~1994!.

31S. Barrat, P. Pigeat, I. Dieguez, E. B. Grosse, and B. Weber, T
Solid Films304, 98 ~1997!.

32J. M. Thijssen, Phys. Rev. B51, 1985~1995!.
33S. Barrat, P. Pigeat, and E. B. Grosse, Diamond Relat. Mate5,

276 ~1996!.
34C. Tang, S. Alexander, and R. Bruinsma, Phys. Rev. Lett.64, 772

~1990!.
35J. M. Thijssen, H. J. F. Knops, and A. J. Dammers, Phys. Rev

45, 8650~1992!.


