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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 dblume
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 filfg0163-18228)01812-§

[. INTRODUCTION medium theory, etc. These coefficients are easy to
use: they are simply defined with respect to a chosen pri-
mary incident wave.

The study of the thermal radiation process still remains an  To circumvent the difficulty linked with its definition, as
interesting topic. It concerns various application fields, suchecently pointed out in a study performed by multiple wave-
as pyrometry, radiative heat transfer, and more recently, rdengths pyrometric interferometfthe emissivity is usually
mote sensing or object signature prediction and controlcalculated by an indirect argument that transforms an emis-
Nowadays, the radiative properties analysis is even considsion problem into a reflection problefr® It consists in cal-
ered as a possible and alternative meanidditu surface  culating the reflectior(p), transmission(7), and absorption
investigation and control during surface treatments. But td«) coefficients of the system, in order to determine the emis-
develop these kinds of applications, it is necessary to haveivity value(e) by using at the end of the calculation both the
theoretical models allowing us to calculate the emissivity ofconservation energies relatiorm€1—p—17) and Kirch-
the material studied, depending on its physicochemical anfoff's second law ¢ = «a).
structural parameters. The direct argument is practically unused. It consists in

Actually, few theories can describe directly the emissivityrying to obtain the global radiative behavior of a real bédy,
of a body, except for black bodies using Planck’s radiationffom the spectral volume emissive power of the matjer)(
law which is a theoretical one, and the fundamental theor;ﬁs"ded into elements of volumeV. The idea was proposed
on spontaneous and induced emissions using the Einstefly H- O- McMahon in 1950Ref. § and developed by R.
coefficients; this is even more true for a real body in realardon in 1956. But this direct model, as already pointed

0 :
ituations. | ticul th I for direct determi-°ut by A. K. S. '_I'hakurl, does not always give the same
situations. In particular, no theory allows for direct determi esults as the indirect modgfFig. 1(d)]. Incidentally, among

nation of the emissivity of mesoscopical structures, such a ; .
. . . other reasons, this has for a long time fueled controversy on
multilayers structures, microroughness, microcermet strucs 112 .
w12 Yet today this

. . . -the range of validity of Kirchhoff's la
tures used, for instance, in selective absorbant layers, or '$aw seems well established, at least in the field of linear

sues in infrared reflepting materials still studied. Mor_e gen'optics and in the case of elastic scattering, considering the
erally, we note that in reference handbooks on optics, the,q,ced emission as negative absorption. This is true even
Fheoretlcal d.escrlptlon of_the radiative properties of materialg, macroscopic complex systems in nonthermal equilibrium
is often particularly succinct. with the surrounding radiation fields, provided the body is
For the emissivitye of a real body, the small amount of considered at uniform temperatui@nstant or varying very

theoretical means is certainly due to its definition given withsjowly) or more precisely, provided the material quantum
respect to the emissive properties of a theoretical body. Ostates of this body obey the equilibrium distribution, and
the contrary, many theories describe the reflection, transmisrovided the problems linked with the reflection reciprocity
sion, and absorption coefficienis , anda, according to the  of the materials are taken into accodht®

physical properties of a material and of its surface, such as As a matter of fact, and as we will see later, the
reflection and refraction theories, thin films theory, effectiveMcMahon-type direct models are available only for materials

A. Direct and indirect arguments
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FIG. 1. (a) Apparent temperature oscillation during sequential
growth of epitaxial layers of AIAY1), Ga g:ASy3e AS (2), and & \\\\\
GaAs on GaAs substraf8) by A. J. Spring Thorpet al. (Ref. 20.
(b) Variation of apparent temperature during deposition of diamond  F|G. 2. Radiation emitted by a system composed of a {@n
on Mo substrate by K. A. Snaét al. (Ref. 21). (c) Apparent tem-  deposited on a substratd).
perature measured during deposition of silicon on,Siith two
deposition rates by R. Buch&t al. (Ref. 22. (d) Relative emissiv-
ity variation atA=2.3 um during growth of diamond on silicon

substrate by S. Barrat al. (Ref. 23. g, is the clean silicon sub- " . .
strate emissivity at the beginning of the treatementis the emis- por deposition on MWCVD (assisted by microwayesur-

: 20-23 : -
sivity of diamond. 1: Experimental resultsotted ling. 2: Usual ~ face treatmentgFig. 1), or during molecular-beam epi-

4
indirect modeling(periodical solid ling 3: Direct modeling by Mc-  taxy (MBE) proces_se%. o _
Mahon methodmonotonical solid ling The interferential nature of these oscillations is now a

proven fact. Indeed, we know that the indirect model previ-

that are homogeneous and macroscopic_ They become unL@JSW mentioned can describe Correctly this nonuniform ther-

able in the case of mesoscale structures, for instance, a bulRal emission behavior in the simple case of homogeneous

substrate covered with a thin film whose thickness is inferiodeposit?®** It allows us to know,in situ and in real time,

to or of the same order of magnitude as the wavelength SOme microscopic surface parameters, and then to follow
Therefore, an indirect argument is mainly used nowadayéheir evolution during a surface reacti6t?® but with the

to determine the emissivity of any real body. But this indirectreservations previously expressed.

argument is an argument by default which omits the emis- On the other hand, by using the classic direct method, the

sion process actually studied. Besides, its use is not alwayglculation ofe =f(t), for the simple case of a semitranspar-

appropriate. In some cases of inhomogeneous materials ateat thin film growth[thickness equal thi(t)] on an opaque

mesoscopical scale, an effective medium cannot be definegubstrate, ends up in a monotonic evolution incompatible

and then the parametexs 7, andp cannot be calculated. On With the experimental dat&. Only the initial valueseo=¢

the other hand, even when the calculation of the parametef$=0) and thes(t) values for a very thick film are correct

is possible, the use of Kirchhoff's second law is difficult to [Fig. 1(d)]. They correspond respectively to the emissivity of

justify in this range of sizes. the clean substratehE&0) and the emissivity of the film

material when it is sufficiently thick to be opaque. There-

fore, a direct model actually dealing with the emissive phe-

] o i nomenon and able to describe correctly this experimental
Among various appllcatlon. fields, thesel models are eXpehavior has surprisingly not been written yet.

pected to descr!be t.he evol_u'tlon' of the op'tlcal properties of | the present paper such a direct model is proposed. It is

the surface during its modifications. For instance, thermajne counterpart of the usual indirect model, but removes the

r_ad|at|on fluctuations are e>_<per|menta_lly observed dur_mg th%mbiguity due to thele factoapplication of Kirchhoff's law.

first steps of the growth of films deposited on substréfés. |t could be an interesting theoretical way to calculate the

1). These fluctuations were first used successfully as a meapggjative power of mesoscopical structure materials.
of controlling surface treatment processes, by Ddfnivho

monitored the growth of Si on sapphire, and by Clark and

co-workers® who measured the endpoint film thickne@s Il. THEORY
the case of AIO; deposition on silicon substrateLater,
small, nonuniform variations of spectral and directional ra-
diative power have been observed by IR spectrometric ob- Let a system at the uniform temperatirebe composed
servations, during the first stages of oxide growth on tungef (a) a substratémedium noted 3, Fig.)2with a complex
sten substrate performed at constant temperattir&ince  refractive indexns(T)=nz—ik; and sufficiently thick to be
then, many similar observations of periodical fluctuations ofconsidered opaquéhp) a deposited film(medium noted 2,

thermal radiations or more simply of temperatures indicated
by a pyrometer, have been made during Cidhemical va-

B. Case of emissivity oscillations during growth of films

A. Usual direct model (McMahon-type)
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Fig. 2 with a refractive index1,=n,—ik, and a thickness

h(t). This freely radiating system is in vacuugmedium 1 y A

with n;=1). Let ;(\,T)d\ be the radiative power per unit 0

volume in the rangen = A\N/2 for each mediumi. Each A
element of volume is considered as an independent sourt N
(Planckian radiatgremitting incoherent beams. In order to

simplify, all the subsequent arguments will be written out for (1) f

the normal emergenc#=0. The total radiative energy re-
leased inOy direction per unit area emerging from the upper (2)
surface of the film y=h) per unit time and unit solid angle

is given by integration over the whole volume of the contri- A
bution of the radiative poweg;(\,T)d\ of each element of x
volumedV at temperaturd’, in the substratei&3) and in N \A Nl
the film (i =2). Each contribution is the result of the energy X (3% n
coming from eachdV simply weighted by the absorption, \
exp(—4mk,l/\) and/or exp{4mksl/N), along the pathl \\ \ \\\
through medium 2 and/or 3 and suffering multiple absorp-

tions and transmissions within the filh-2%
With Kirchhoff's law,

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

€2\ T kp=e3(A. T)/kg=e(X, T)/k @ with ay, 7 the absorption coefficientp,, + the reflection
and after integration of all the contributions, the total radia-coefficient, and a transmission coefficient=0 since me-

tive energy released i@y direction is dium 3 is opaque. _ _
Then for 6=0 and fixed thicknesh, the reflection coef-
Ne(\, T)d\ ficient can be calculated from the thin film theory as
[(AN)dA= a7k {T3exp(—4aksh/N)
m o _ Ae*“2+Be ?*2+C c0s 2y,+D sin 2y, 6
+ Ty 1—exp —4mk,h/N) ]}, 2) prr()= e’*2+ ABe 2?2+ E cos 2y,+F sin2y,’ ©)
whereT3; and T,; are the net intensity transmission coeffi- With
cients for the interfaces 3/1 and /1.
The black body radiations can be expressed as az=2mkoh/N and y,=2mmnzh/X, (@)
and whereA,B,C,D,E,F are different constants depending
lo(A)dN=Ne(N, T)dN/4mk. (3 only on the complex refractive indices of each medium

f2(\,T) andiiz(\,T), and previously definetf
By this classical metho@ivision of amplitude the emis-
sivity shows an interferential behavior when the thickness
increases, exactly as experimentally obseRidExperimen-
tal observations of emissivity variations during the film
=Tsexp(—4mksh/N)+ Ty [1 —exp(—4ak,h/N)]. growth performed simultaneously at different wavelengths
“ L Y, have allowed us to confirm the validity of this mod&Wwe
o~ g can show that the maxima and minima experimentally ob-
served one occur at values ofi,h given, respectively, by

The total energy of the system being calculated from inco{for nz>nz andn;=1):

herent radiations emitted by eadlV [Eg. (2)], we can see _ _

that whenh varies from zero to a thickness equal to the nh=(2m+2)N/4 and nth=(2m+1)\/4,  (8)
penetration depth, the emissivitizqg. (4)] varies monotoni-  with m integer and inversely fon,<ns;, n;=1. We can
cally from the emissivitye 3; of medium 3 to the emissivity show that the damping is proportional Xé47k.

€51 Of medium 2 that has become opadas for example on

curve 3, Fig. 1d)]. C. Direct model of emissivity by division of amplitude method

Thus, the spectral and normal emissivity is usually expresse
as[from Egs.(2) and(3)]

ex=1(A)/1o(N)

Substrate Film (4)

If the indirect models are incontestable under the restric-
tions previously mentioned, in fact they occult the thermal
In an indirect argument for the same systé uniform  emission phenomenon studied. Here, for the sanisstrate
temperatureT), a primary plane wavéwith a wavelength  +film system as above, each element of volume is consid-
equal to\) is considered incident undéron the upper sur- ered(as in Sec. Il A as an independent radiative source at
face and coming from the vacuuffig. 3. With Kirchhoff's  given temperaturd. From this volumedV some waves are

law and the energy conservation law, the emissivity urdder emitted in all directions, in the range+ A\/2.
g g1 Of this system can be expressed as We assume a volumdV immersed in an infinite body,
called medium i), with medium/vacuurinterfaces infinitely
EonT= g T=1"por T (5 remote. A unit surfacelS at distancd for =0 from dV

B. Indirect model
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FIG. 5. On an index discontinuity (i3/ a surfacedS receives
FIG. 4. A surfacedSin the bulk of a mediumi() determines on its internal sidemediumi) the radiation emitted by each ele-
two semi-infinite bodies. On each of its sides, this surfd&ere- ment of volumed Vi.
ceives identical radiations from these two bodies.

n.
(Fig. 4 receives a wave emitted frod\, here for the elec- t(i)/1=tfi),1=tfi)/1=m, (12)
tric field and in the direction of propagation as P
_ _ . and for the reflection
E(|):|ielwtefl(2wll)\)n1, (9)
. . . . n.—n
with 1; the intensity of the wave emitted V. Under the Fan=r =P n=x s (13
P— : ; ni+n
same directiorr, this surface receives from a half space an i
energy which will be proportional to The internal side oflS receives from mediumij, the sub-
o o \I2 strate, the wave emitted [V (at distancd and for 6=0)
_ 24y — 20— Amyki Ny . 4 .
WI_J7x|E(y)| dy_ J,wlie y dy_ 4’7Tk| y (10) Eizlielwte—l(Zwll)\)ni. (14)
with |Ey|2= E,E (E} conjugate-complex oF,). The part of this wave “emitted” in directio®y by the other
This surface receives the same energy from the other haffide ofdSinto medium(1) is (for 6=0) as follows:
space on its other side, under the direction. This “aper- 2(ni—ik))E;
turedS’ is in thermodynamic equilibrium. It emits in direc- Eit:t(i)/lEi:#- (15)
tion r what it receives under the same incidence. It behaves ni—ikj+1
like ablack body “cavity aperture’with W;=W,, the total
radiative intensity of a radiation emitted by a black body,
exactly in the same way as a material surfd&had been -
enclosed in a perfect black body cavity. The Poynting vector y r
of this radiation will be A E;p y
t
S =Sy=N,cW,/4m7. (11 N E1s
0
1. Refractive index discontinuity influence 1)
The medium {) with refractive indexn;—ik; is now a
material half spacéFig. 5. The other half space is another ds
medium(1), for example, the vacuum with refractive index —— X
=1 ) N
A dSsurface taken on the interfacg /(1) receives from %\
medium ) on its internal side the previous energyy, but \\&\. E
due to the presence of the refractive index discontinuity, a . \'P
part of each wavdemitted from eachdV) is reflected into is

the medium () and only a part of each wave emerges to the
upper medium(1). For normal incidenc&d=0, the coordi-

nate system shown in Fig. 6, with the specificatisramdp, \\
respectively, for the perpendicular and the parallel polariza- N

E: \‘
0
QS
AN B N
tion, the Fresnel equations describe the refraction phenom-

ena according to the polarization of the waves, written t0 FIG. 6. Orientation of electric field&s andE p during reflection
simplify as follows for the transmission: and transmission.
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The energy of this wave will be proportional to

YA
dW;)1=|Ej[?=1 i2t(i)/ltzci)/1e_4ﬂ-|ki M, (16) 0
Thus, as above, the energy emitted in directoy by the Mi=1
medium {) will be proportional to (1) f
W fo £t (2 N7 [A[(n7 40+ k)24 K] @)
(ihHn— _w| |(y)| y= 47Tk| [(ni+1)2+ki2] ' h N
17 M
X
and the Poynting vector of the set of waves will be - =
\\(3) N A \a\s
c "2
Siyn=7—= N1Wiiy1.- (18 \\\
4
N

The time average of the ratio of the Poynting vectors before
and after the transmission will be FIG. 7. Multiple reflection(in medium 2 of waves emitted by a
R volumedV in medium 3.
S(i)/1> e{ n1] . 4n;
— | =Re = tintin=——z oz =i, (19 0
S & (17K W3/<2>/1=f mIEg(y)|2dy

where Rén,} is the real part of; and whereS; is the Poyn-
ting vector of the set of waves before the transmissoag. 15\ |tc2yntayal?
(11)], and therefore identical to the set of waves emitted by a = drrkg ( Q(h)
black body. Equation(19) gives the emissivitys;; of the
medium () measured in medium (.e., the vacuum Itis ~ Wwith Q(h) a constant depending of;, ny, nz, Kz, k3, A,
the same result as the one obtained by an indirect argumeftd depending oh, the thickness of the film.
using the reflection on mediuni)(of an incident wave. We As above[Egs.(10), (18), and(19)] we can calculate the
show here that for any freely radiating body the existence ofquivalent of an emissivity. This is the contribution of a
the notion of emissivitys in fact due to the presence of the substrate but seen through a film, and we can calculate a
interface, that is to say the discontinuity of a refractive index partial emissivity as follows:

) e*(47r/)\)k2h’ (21)

2. Thermal radiation emitted by aubstraterfilm system _ Ssi2)1 _ ng| 4mks W 29
€32)1~ S, = ﬁ_a Wé_ 3/(2)/11 (22

The total emissivity of thesubstrate-film system used

above Sec. Il A 'is the sum of two contributions, which areyjith s, calculated from Eq(10). Whenh—0, we check
independent because the waves concerned are incoherqﬁétSS(z)l[Eq_(22)] is equal toes; [Eq. (19)].

with one another: . Film contribution: Similarly the element of volumaV is
(@) the energy emitted by the substréteedium 3 atthe o\ in medium 2. Here, two waves emitted fraav can
temperaturel, seen through a deposited filtmedium 23

which would have no thermal emission but would get e ;
index of the medium for this temperature, YA

(b) the energy emitted at the temperatdreby the film
deposited on a substrate which would have no thermal emis-
sion but would get thé; index for this temperature.

Substrate contribution: The waves emitteddy in me- 0
dium 3 leave the system after multiple-transmissions and re- m / f rﬂ
flections in the film(with thicknessh, Fig. 7). We assume 4
that this film has no thermal emission but the valuggiis @M 4y Ao

the one for temperatur@. With |E5 |*=|E5|? for 6=0,
then we calculat¢Eqg. (9)] the waves emitted in medium 1
by an element of volume at the deptlas ‘

X
t i wt —i(2m/\)nsl §\\\ \\>\\§\>
Es=13€'""t2)nt(3)1€ 8 \Q n3 3
+ e
N

X ,Zo rzz)/lr{2)/39_“277/%)[“2(2]_1)h]]- (20)

] (o et et ] FIG. 8. Multiple reflection in medium 2 of waves emitted by a
Hence, with|E3|“=E3E;", the total energy due to medium volumedV of the film. Here waves 1 and 2 leave the film-substrate
3 and emitted in medium 1 will be proportional to system under the same angle
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emerge in the vacuur(Fig. 8. Waves 1 and 2 give, after TN N
multiple reflections and transmissions, emitted waves for T [ A " Er=0.96
which the energy i$E3'+ E3'|? for #=0 and for wave 1: w 99 K Ee07 =
E%tz|Zeiwtt(z)/lefi(zw/x)ﬁz(hfl) :% 0.6 4 B
E i
+ o0 = S
] j —i(2@/N)N,2jh 0.4 1 AN —
X ZO F2)nl(2)3® miN22] } (23) I A :1;=1.4 n; =265
= / k2=0.13 ki=008
0.2 -+ C
and for wave 2: 1
2| aiwt —i(2mIN)g(h—1 o ¥ :
E2 =126 tg)r (558”27 MM2ND o 128 5
> FILM THICKNESS ( pm)
j j —i(2@/\)Ny2jh
X ]2::0 F2nf(2)3€ } (24) FIG. 9. Theoretical emissivity evolutios(h) during the growth

] ] ] of a deposit(medium 2, thicknes$, refractive indexn,) on an
For the whole thickness of the film the energy will be pro- gpaque substratémedium 3,A3). e(h) is calculated by a usual

portional to(integrating for 6<I<h) direct model based on the McMahon meth@idtted ling and by
0 the direct model based on division of amplitude mettsmlid line).
W _ Elt(y)+E2 2dy. 25 The curves note€ andB are, respectively, the partial emissivity
2143) j_w| 2(¥) 2 (y)| y (25 evolutions of the deposited film and of the substrate under the de-

. N L . posit. The curves noteA are the global emissivity evolutions for
The partial emissivity of this film deposited on & substratene fiim-substrate system. The solid liAds exactly identical to the
which would have no thermal emission will be calculated asesyits of an indirect model based on thin film reflection theory

above[Eq. (22)], i.e., calculated with concerned values iof and ;.

n.| 4wk
€21(3)= < Szé§3)> = e{ﬁ_j T; Wais3) s (26) of the reflection and transmission coefficients functiomgf
andk, which becomes equal 0,4, i.e., the real emissivity
with S,, the Poynting vector of these waves emitted in me-of a half space of medium 3:
dium 2 and calculated with the intensi¥y, as in Eq.(10).
Whenh— +«, we check that the resu|26) is equal toe,q,
ie., 4n, 29
4n, 821(3)hﬁ+w831 (ng+ 1)2+k§. (29

€213) T €217, N2, L2
) . (Np+1)2+k3

(27)

As in Eq.(19), this partial emissivity is the real emissivity of BY Superposition, we check that the result of Egg) is

a semi-infinite medium 2 emitting in vacuum. e_xactly s!mllar to the final rgsults obtained by using the pre-
Emissivity of the substrate-film system: The energetic Vious indirect model, but this argument presents the problem

contributions(with respect to the energy of waves emitted by ©f being based on the radiative phenomena really studied.

a black body for the film and substrate components have n Fig. 9 are plotted the numerical results of emissivity

been calculated as partial emissivities. The proportion of enobtained by the three exposed models for the same values of

ergy (with respect to the black bodlpf the waves emitted by M N1, N2, andng, versus the thickness of a filtmedium 2

the system will be equal to the sum of these partial emissivideposited on substratenedium 3. The valuesn,=1.45,

ties[Eqgs.(22) and (26)], i.e., k,=0.13, n;=2.65, andk;=0.08 are determined for the
case of a diamond deposit on silicon substrate at 800 °C
A, 4k, A, 4k, observed aih=2.3um. In dotted line are plotted the nu-
s(h)=Re{T-l — W21,(3)+Re[ -:-] —1 W3- merical results of the classical direct mod@iED. (4)] for the
n2j M3 RS n3) M3 partial emissivity of the film and of the substrate seen

through the film. The global result of tH#m+substratesys-

film Substrate tem is represented by the dotted cure As mentioned

(28 above, this emissivity is monotonic and increasing steadily
When the thickness of fillh— + o, we check that the sec- from £q=0.79, i.e., the substrate emissivity; [Eq. (29)] to
ond term of Eq.(28) tends to zergsubstrate contribution &;=0.96, the final emissivity when the film is sufficiently
and the first one tends #,, [Eq. (27)]. The energy of waves thick to be considered as opagle=¢e,;, EQ. (27)]. The
emitted by the substrate and transmitted through the filncurves in solid line represent the numerical results of the
becomes negligible and the partial emissivity of the film be-direct model presented in this pajé&q. (28)] for the partial
comes equal to the real emissivitg,{) of a half space of emissivity of the film(curveB) and for the substratéurve
medium 2. C). The evolution of the global emissivity of th&lm
When, on the contrary, the thickness of the film tends to+substratesystem[Eq. (28)] is presented by curvA (solid

zero, the first term also tends to zero and the second term ime) and is perfectly similar to the one obtained by the clas-
&3(2)1, Which is more complicated because of the presencsical indirect model exposed Sec. lI[Bg. (5)].
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FIG. 10. Relative emissivity variationgey at A =2.3 um dur- FIG. 11. Relative emissivity variations/'e, at A =2.3 um dur-
ing growth of diamond on silicon substrate, vs the réifa (dotted  jng the first stage of diamond film growth on silicon substrate,
line). The treatment is performed =800 °C. These data are performed afl =850 °C(dotted ling. The number of initial growth
compared to the results of the interferential direct ma#éiél thick sites has been measured equat@x 1¢° cm2. The solid line
line) and the results of McMahon-type modglll thin line). These  shows the results of the interferential direct model based on a layer
theoretical results have been obtained using layer by layer growtlay layer growth of the deposited film, but with an initial offskt
assumption from the beginning of the reaction, and with  gng forn,=1.45,k,=0.13, andns=2.65, ky=0.08.
=1.45,k,=0.13, andn;=2.65,k;=0.08.
optical calculation based on the layer by layer groyttio-
ll. EXAMPLE OF APPLICATION dimensional(2D) homogeneodsis not relevant when the

The growth of thin diamond layers on a silicon substratenumt.)er of nupleatlon snoes is too small. Th|s_was observed
for diamond film growtf® as well as for the first stage of

was studied by pyrometric observations. The deposit wag ide layer growth on metd.

obtained by a microwave-plasma-assisted CVD. The pyro- In Fig. 11, we can see the emissivity raside, at A=

metric observations were carried out at a wavelength of 2. 3 tioh/. ob & duri di d th

um with an Ircon 6-15C15 pyrometer from the early stage of” pm Vs ratio o observed: during a diamond grow

the treatment. During the experiment the temperature Wagerformed at 850 .C on a d|ﬁerentiszlllcon supstrate with a

controlled by a thermocoupfd:?® n_ucleatlon density inferior to 2 #cm™2 we ver_n‘y that our
Pyrometric signal oscillations are observed during the ini-d'reCt model b"’?sed on a layer by_layer growth IS V\.'e” adapted

tial stage of the growth of the filrfFig. 1(d)]. In spite of the for h/A>0.3, with a delayA) applied at the beginning of the

variation of the apparent temperature, the actual temperatunlrleurm:“”Cal curve. In fact, we know by scanning electron mi-

of the sample remains constant during the reaction. Thesg 9SCOPY observatiofthat the growth begins by a nucle-

oscillations are due to the emissivity variations, easy to obtion Stage, which explains the previous delayhe crystal-

tain from the pyrometer signal. They cannot be predicted b I'tlti\SNacr)e?)thehn very smallll_and ranqlqml;(/jdist(;ibuted. (?]nly agtelr
usual direct theoryFig. 1(d)]. ~0.3, these crystallites are joined and cover the whole

Figure 10 shows these experimental emissivity variationsc‘t”fafe' Today tht cggsd_traﬁcrlbe thlf evoltl;]tuinﬂ:)f tlh's he;ero-
eleg vs the ratioh/\, during diamond deposition on silicon Structure versus time. us we know tnat the fayer by

substrate at a temperature equal to 803@.is the fim gygrr glgﬁ.?é I(S:o(z:a(ljgsi(gn?é fILSrgﬁqp?r:(')sxgaangcggg tt?]?etslwc?l d
thickness at timd, \ the wavelength observed by the py- ystall : : '

. . 5 . .
rometer andg/e, the ratio of emissivity at time on the apart from the residual microroughnéés® the radiating

emissivity before treatment, i.e., in this case silicon emissiv—i angfoaa?hgeongg;dbeerﬁgv?:r %fzg) tnﬁ]mc%grﬁnggtuﬁlriyzfrgind
ity. Thicknessh(t) is obtained by the measurement of the P P b

total thickness at the end of the treatméy scanning elec- ited on a substrate. Then the fitting becomes quite accurate

. : ) S [Fig. (1D)].
ioknt microscopy and assuming a linear kinetic lait) Under the coalescence threshold, it would be necessary to

In this figure we note that the emissivity variations takecalculate the emissivity of a randomly mesoscale hetero-

. . . . structure. Similarly it would be necessary to take into ac-
place in the range where McMahon's modebtted line Fig. count the influence of the residual roughness on the compact

10) is irrelevant. Indeed, the film thickness is here smaller,

) film. For this kind of structurep, 7, and « are calculated
than or in the same order as (0<h<2\), and largely . . * ! ;
inferior to the coherence lengtk?/ A\ of the observed ra- when possible by using the effective medium theories, for

instance for diamoné We should note that this is another

dla(t;cr)]ntsr.]e contrary. we can see that the direct model preSSe where Kirchhoff's law in the usual indirect argument is
v, P Therefore, the di-

. ; . ) far from being automatically applicable.
sented heréfull line, Fig. 10) can describe quite closely the rect argument described in this paper opens the way to new

experimental observations. By adjustment of the theoreuc%erspectives in studying the radiative power of mesoscale

pa}rameters to it the expgrlmental behav[or, we can dete.structures such as, for example, composite materials, granu-
mine several characteristics of the material during dep05||-ar or porous films, and so on
tion. For instance, we obtained here the previously unknown ' '
index of diamondh, at 800 °C? V. CONCLUSION

Nevertheless, in some cases there is a small range of '
growth, at the very beginning, where the data are not very In this paper, we showed that a direct method based on

well fitted. Actually, during the first stage of the reaction, thethe division of amplitude can be used to calculate directly the
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emissivity of asubstrate-film system, without using Kirch- of Kirchhoff's relation in this particular case. However,
hoff's second law. This method consists in considering ardifferent problems arise for the user of the indirect argument:
inhomogeneous material on the scale of the radiation corthe effective medium needed for the indirect resolution does
cerned; for example, the thickness of a thin film on a massiveot always exist; one instance is in the vicinity of a percola-
opaque substrate, as a juxtaposition of Planckian sourcegon threshold for optical phenomena. Besides, the use of
emitting incoherent waves. Kirchhoff's second law to calculate the emissivity of meso-

We checked that the classical direct models such as Mcscopical materials with complex structure is far from clear.
Mahon's based on the simple addition of the energies Ofy, fact, most of the time, this argument by default concerning
waves emitted by each volume element, do not allow us t9,omogeneoumaterials uses, at the end of the calculation,
describe the real behavior experimentally recorded in thig..hnhoff's law which implicitly assumes &omogeneous
scale range. We showed here that they are actually only a%'ystem without any justification.

propriate for.calculatm.g the emissive power of thick films, This direct model concerns the thermal emission phenom-
where the thicknesh| is larger than the coherence lengths ; . . .
LU enon actually studied. In particular, it allows one to point out
of the observed radiation in the rangye- AN/2. . . . o L
interferential phenomena in emissivity, which is usually con-

On the other hand, the application of this direct model of idered incoh t and diff h Theref
thermal emission for a material system with mesoscopica?I ered an inconerent and diliuse pnenomenon. Therefore,

structure—for example for a film whose thickness is inferiortiS direct model is, from a theoretical point of view, an
to or of the same order as the wavelength—shows that it ig’lterest_mg alternative for the calcul_atlon of the emissive
actually possible to describe the emissivity fluctuations exProperties of a complex mesoscopical structure. For ex-
perimentally observed. It describes these fluctuations exact@mPple, this direct model can be easily extended to the calcu-
as predicted by the indirect model using Kirchhoff's secondation of multilayer materials. The case given in this paper of
law. As a matter of fact we note the similarity, especially the in situ study of the growth of diamond film on silicon

in the case studied here, of deposited thin films, between theeems promising in this way. It also shows the possibilities
results of the model proposed and those obtained by the ireffered by this approach for the diagnosis and contnogitu

direct argument. In return, it confirms the supposed validityand in real time, of surface reactions and growth processes.
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