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Blackbody emission under laser excitation of silicon nanopowder
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Previous results concerning radiative emission under laser irradiation of silicon nanopowder are
reinterpreted in terms of thermal emission. A model is developed that considers the particles in the
powder as independent, so under vacuum the only dissipation mechanism is thermal radiation. The
supralinear dependence observed between the intensity of the emitted radiation and laser power is
predicted by the model, as is the exponential quenching when the gas pressure around the sample
increases. The analysis allows us to determine the sample temperature. The local heating of the
sample has been assessed independently by the position of the transverse optical Raman mode.
Finally, it is suggested that the photoluminescence observed in porous silicon and similar materials
could, in some cases, be blackbody radiation. 1898 American Institute of Physics.
[S0021-897€98)00112-1

I. INTRODUCTION detail. We have attempted to explain it in terms of photolu-

minescence, because we believed that it had a similar origin

The generation of powders durl_ng plasma Processing Oy, that of the luminescence of porous silicdhln this case,
erations has attracted much attention because of its negatl\{ﬁ:e luminescence near the visible is attributable to the nano-

effect on the production yield in the microelectronics ) X
industryl? The study of the structure of the powder particlesmetrIC structure of the material. We proposed a phenomeno-
logical model to explain the supralinear dependence of Eq.

(nanometric size and high chemical puyihas allowed them 8 o .
to be considered as good raw material for nanostructuretll)-~ The emitting levels were reached through a multistep—
Ceramics(membranes and Composi):e§0, at present, the multiphonon excitation process. This model eXplained as
production of nanoparticles of a number of compoufsis well the complicated dynamics of the emission. Within this
SiC, SN, BN) using plasma technology is an active field. framework, the pressure dependence of &j.was simply
During the last 4 years, the properties and structure ofhe result of a similar pressure dependence on the dynamic
silicon nanoparticles grown by plasma-enhanced chemicadarameters of each leveFurthermore, in our latest pap@r
vapor deposition(PECVD) have been reported by several we demonstrated that the effect of the gas was linked to the
authors® The most salient property is their unusual radiativeenergy its molecules were able to extract from the powder
emission when excited by a laser be&MWe have found after every collision with the particles. Despite the successes

two independent radiative processdsandB, depending on  of this model, the physical origin of the luminescence re-
the pressure of the surrounding gas. When excited undgfained obscure.

vacuum, emissiorA is dominant. It has a high supralinear

i Here we propose an alternative explanation for emission
dependence on the laser intensity,of the form

A. We analyze it by considering that it is simply due to the
Iprocly, (1)  blackbody emission of the particles. Under vacuum the en-
. . . . o ergy absorbed from the exciting laser can be dissipated only
with r as high as 9. Adqmonally, this emission Is quenchedb radiation whereas, at higher pressures, the gas collisions
when the gas pressure increases. This quenching follows a - o L )
. ) offer a more efficient dissipation path and the radiation emis-

exponential dependence: L .

sion is quenched. On the other hand, the nonlinear depen-

lp=1ge" PPo, (2)  dence on laser power is easy to understand in view of the

with P, of the order of several pascals. This means thaFIaan and Stephan-Boltzmann laws. These relationships

emissionA is unmeasurable at atmospheric pressure, wher8® developed quantitatively and compared with the experi-
only emissionB remains. This second radiative emission isMental resultsmost of which have been published alrepdy

pressure independent and increases linearly with the laséfew correlations are established that highlight the predictive
power. power of the new explanation. On the basis of the agreement

The occurrence of radiative emission in Si near the visbetween theory and experiment, we conclude that emigsion
ible region of the spectrum together with the extraordinaryis due, indeed, to the thermal radiative emission of the
characteristics of emissioA have led us to study it in great particles.
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Il. EXPERIMENT where kg is the Boltzmann constantn is the molecular

mass,Tg is the gas temperature, its specific heat at con-

The silicon powder was produced in a rf reactor where ayant yolume, andR the universal constant of gases. The
square wave modulatated discharge of silane was eStaBérametera is the “accommodation coefficient” that ac-
lished. As obtained, the powder consists of spherical parx

) ] - : “'Counts for the fact that after one collision the gas molecules
ticles with diameters ranging from 10 to 200 nm and iSyjji not be thermalized to the particle temperature<(1).
highly hydrqgenated. Annealing at m_oderate temperatures Once the temperature of the particle has been deter-
(T=800K) induces hydrogen desorption. The particles rey,ineq the radiative emission at any wavelength can be cal-
main amorphous and their shapes do not change signiffs,|ateq according to Plank’s distribution:
cantly. Recrystallization only takes place at much higher
temperaturegaround 1100 K!* Ln) = 87NC ok

The radiative emission was excited by the 488 nm line of (M =er) AS € >
an argon laser which was focused on a spot of a fewf mm e\g_here it is assumed that eXm{\ksT)>1.

the sample surface. The sample was placed inside a clos . ) . .
S This model has been applied to silicon particles sus-
circuit He cryostat that allowed control of the temperature . : X
o " ended in a silane plasmawhere the heating power was
and the gas pressure. At the usual excitation conditions th . . . . ; .
supplied by the ions. The high dispersion of the particles

hydrogen evolves from the powder in a few minuteghis ensured, in that case, that they could be considered as inde-

means that the rad_|et|ve emission comes from dehydrogep'endent. However, in our silicon nanopowder the particles
nated amorphous silicon particles.

The Raman analvsis was performed with the 514 nm Iineare more densely packed, so we should analyze whether the

ysIS was pert model leading to Eqg3)—(5) is still valid. This will be done
of an Ar laser focused with a microscope system that pro; . - .

. . by comparing the predictions of the model and the experi-
duced a spot of about 18m in diameter on the Si powder
. L mental results.
sample. The sample was mounted in a cylindrical vacuum
chamber of 70 mm in diameter where the minimum pressure
reached was 10’ Pa. IV. THEORETICAL PREDICTIONS AND
EXPERIMENTAL RESULTS

(6

In this section, Eqs(3)—(6) will be applied to the con-
IIl. THEORY ditions of the measurements. In order to simplify the analy-
_ _ , _ _sis, it will be assumed thalz<Tj [Eq. (4)]. Additionally,
Consider an isolated spherical particle suspended in g, yhe measurements at cryogenic temperatures care has

gas. If we irra_diate it with a Iaser beam, then the particle,oqo taken to thermalize the gas with the cryostat walls
temperature will change depending on the balance betwe =Tgin Eq. (5)].°

the energy absorbed and the energy dissipated. If the particle ¢ o
is small enough, its temperatur€,, will be homogeneous A. Spectral shape of the emission
and follow the equation:

o
According to Plank’s distributiohEqg. (6)], the spectrum

4 dT, , , should have a bell-like shape modulated by the emissivity of

3 T1°pC g = M "Qavd L 471 (Ar+ Ak, (3)  the material. The peak position would depend on the tem-

perature and hence on the laser intensity. At lower laser in-

wherer is the radiusp the density, ana the specific heat; tensities, it would be displaced to longer wavelengths and the
Qabs is the absorption efficiency and the laser intensity. relative intensity near the visible would diminish.

Finally, gr and gk are the heat fluxes due to the radiative  The experimental spectra measured for two laser inten-

emission and thermal conduction through the gas, respegities are plotted in Fig. 1. The spectra are continuous, as

tively. o o _ _ expected. Unfortunately, the spectral range is limited to 2.5
The radiative emission is given by the Stephan—,m and the position of the maxima is not visible. However,

Boltzmann law: the evolution with laser intensity is as expected. Further-
qr= EiO'(Tg—T‘F‘z), 4) more, the feature we observe arounduth at the highest

intensity is presumably due to the effect of the band gap on
where ¢ is the Stephan—Boltzmann constant aids the  the emissivity.
integrated emissivity of the particl@y is the radiation tem-
perature around the particle. ] )

Concerning the heat dissipation due to the ggs, we B. Steady-state intensity dependence on laser power

will consider the limiting case where the pressure is so low  The formula that gives the steady-state intensity at
that the mean free path is greater than the particle size. The@acuum conditions is:
gk can be calculated approximately by multiplying the num-

1/4
ber of collisions by the mean energy per molecule in the gas. ls(N)=€(N) ﬂ: ex;{ _ E (ﬂ) )
This procedure gives: A Akg | 1. Qap
1 ¢ 8ka P Therefore, for a given wavelength, the logarithm Igf\)
- 5 (Tp—To), (5) should be proportional td, ¥*. Furthermore, the slope

W=——m | =
4= R m \Te should be proportional ta 1.
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FIG. 1. Emission spectra of the silicon powder at two laser intensities. FIG. 3. Excitation and de-excitation transients simulated according to the
model of radiative thermal emission of independent particles. The result is
comparable to the experimental transiefRRef. 8.
In order to test Eq(7) we have measured the intensity of
the emission at two wavelengtiis=2.1 and 3.0um) for a
range of laser powers. The results are plotted in Fig. 2. Th8ypothesis of thermal radiative emission, name#y:the ex-
agreement with the expected behavior is excellent. The excitation transient begins with zero slopg) the time con-
perimental points are well aligned and the product of thestant of the excitation is much longer than the decay lifetime
slope and the wavelength is constant. In Sec. IV C we willlonce the laser is turned offand(c) the decay transient is
show that, from these measurements, it is possible to deteponexponential.
mine the temperature of the particles at each laser power. A numerical computation of Eqg3), (4), and(6) gives
the qualitative evolution of the radiative emission over time
(Fig. 3. All the characteristic features detailed above are
readily reproduced in the calculated dynamics. Our Fig. 3
The dynamics of excitation and de-excitation of the ra-compares with the experimental result shown in Ref. 8.
diative emission in silicon nanopowder has been extensively We can go further with the model as we can predict the

analyzed elsewhetavithin the framework of the multistep— value of the slope for the decay transient just after the laser
multiphoton excitation mechanism. A number of experi-has been turned off. It is found to be:

ments performed to test the model was done and the agree-

ment was excellent. This explains the confidence of the - 2 MkgpC |12
. . . . . e — L .

authors with that interpretation and their reticence to aban- 3 heyoeQans

don it. Now, several of those results will be used to test the , )
So, at a given wavelength, the decay time constant measured

att=0 must be proportional to, . This is just what we
find if we analyze the experimental transieffsg. 4).

C. Excitation and de-excitation transients
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FIG. 2. Dependence of the radiative intensity on the laser p@er 3.5 Laser Power =~ (mW ' °)

and (¢ )(#), 2.1 um]. The full symbols correspond to the representation

that takes into account the progressive absorption of the laser beam asHG. 4. Dependence of the deexcitation time constantdl on the laser

penetrates the powder. power (data taken from Ref.)8
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FIG. 5. Dependence of the characteristic pres®yeon the laser power

(data taken f Ref. )0 FIG. 6. Dependence of the characteristic pressure on gas temperature. The
ata taken from Ref.

lines correspond to the evolution expected according to the model for dif-
ferent particle temperatures.

D. Pressure quenching of the radiative emission V. DISCUSSION

The pressure quenching has remained until now the mog- Are the particles really independent?

puzzling fact that has led us finally to think that the  aAg pointed out previously, the particles in the powder
multistep—multiphoton mechanism was not the correct exyzre not completely independent. In fact, the usual classifica-
planation for the radiative emission of silicon nanopowder.on of the ceramic raw materials, as the particle size of our
On the other hand, within the framework of the thermal ra-powder is well below Jum, should be considered a colloidal
diation the effect of the gas is straightforward. The gas offergystem4 |n these systems, the inertial forces on the particles
a new dissipation mechanism for the energy absorbed frorgye insignificant and the surface forces are dominant. This is
the laser. So, the temperature of the particles will be Iowe;ea"y the case in view of the low apparent density of the
and, consequently, the radiative emission will be less intens%owder (10 mg/crl).8 This value means that the particles
The characteristic pressuRy of Eq. (2) is: occupy only about 1/200 of the powder volume. Conse-
quently, the thermal conductivity of the powder is very small
and its contribution to the energy balance is negligible. So, it
has not been considered in E8). Additional proof of this
conclusion comes from the dependence of the radiative in-
tensity on the cryostat temperature. From 14 to 300 K, the
intensity undergoes only a slight increase by a factor of 2.
This expression will be tested against the experimental reSo, the particle temperature at the excitation conditions does
sults reported in previous workRefs. 9 and 1D not follow the variations of the cold finger to which it is
First, Po must be proportional to the laser intensity. It is glued, indicating negligible thermal conduction.
(Fig. 5. Second, it must depend on the gas species through Another kind of possible mutual influence could arise
their molecular massng*’?) and their ability to transport en- from the fact that there is a great number of particles inside
ergy (R/c,). Those relationships were found experimentallythe volume excited by the laser. One could think that the
in Ref. 10. Finally,P, must be proportional tdl'é’2 times  radiation emitted by the particles could be reabsorbed before
Tp/T,—Tg. According to Fig. 6 the experimental results it reaches the powder surface. This effect is not included in
reveal thatP, is almost proportional toT(13’2. This would  Eg. (3). In fact, a simple analysis shows that it is negligible.
indicate a very high temperature of the particles. The fittingThe penetration depth of the laser beam is inversely propor-
to the experimental points delivers an unrealistic value ofional to the absorption coefficient, , at the laser wave-
T,~2600 K, which is far above the fusion temperature of Si.length. On the other hand, the emitted radiation will be ab-
Furthermore, we will show that the particle temperature issorbed after a distance inversely proportional to the
not higher than 900 K. The expected evolutionTef at this  absorption coefficient at the emitting wavelengi()).
temperature is far from the experimental behavieig. 6). Now, as most of the radiation is emitted below the band gap
So, we are led to the puzzling conclusion that the capacity obf silicon, ()<<« , the emitted radiation will not be reab-
the gas molecules to dissipate the heat is proportional to theorbed by the emitting particles.
number of collisions and the temperature of the particle, but A parameter that is highly sensitive to the particle inter-
independent of the energy they have before the collisionactions is the accommodation coeffici¢gq. (5)]. The heat
Apparently this energy does not contribute to the energetidissipated by the gas collisions can be analyzed more rigor-
balance during the collision. ously if we consider the powder as a whole instead of the

ANQps kg R Tp
Po="ahc V78 ¢, \Mle7 7. v ©)
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collisions with every particle as we did in E(p). A simple 1000
comparison between the absorption coefficient of crystalline

Si at the laser wavelengthy, =18x10° cm™%,%® and the - o0t
mean radius of the particlésayr =50 nm) indicates that the B T
laser beam passes through many particles before being ap- i
preciably absorbed. This means that the gas molecules can-
not impinge directly on every one of the excited particles
before being thermalized. A gas molecule that enters the ex-
cited volume of the powder will collide with many particles
before leaving it. This process ensures that the molecule will
be thermalized. So, the accommodations coefficient of the
powder will be 1. From this point of view an energy balance
of the powder as a whole could be written as:

Temperature (K)

400 T T T I T I T

_ 0 4 8 12 16 20
Ce dat ALl (ArGr+ ALK, (10 Laser Power (mW)

wherec, is the heat capacity of the powdek, is the laser FIG. 7. Temperature of the particles during laser excitation. It has been
beam sectionAg is the total surface area of the emitting calculated from the results of Fig. @urve A) and from those of Ref. 8
particles andy, is the heat gas conduction of E(R) with ~ (€UveB).

a=1. Following this approach, the functional dependencies

onl , A, Tg andc,, remain exactly the same as those given . . . .
in Egs. (7)—(9). Presumably, the variation of the laser intensity as it pen-

In the situation of independent particles the material—e'[re_ltes the powder will a!so_ modify only slightly Eq8) an_d
related parameters such . or € could be estimated (9) in such a way that, within the accuracy of the experimen-

within the framework of the Mie theor1” However, the tal results, the previous simple relationships with still

apparent density of the powder reveals that the particles ha\;éddl' lusi ithouah. i I h icl
relative mean distances similar to that of the laser wave- " conclusion, aithough, in several instances the particles

length and presumably they are agglomerated similarly agannot be considered independent, the general relationships

they appear in transmission electron microscopy images. etween the experimental variables remain almost un-

So, the optical response of each particle is no longer inde(_:hanged. The main limitation imposed by the mutual influ-

pendent from the neighboring particles. ence of the particles is the difficulty in gaining insight into
Finally, we will discuss a slight modification of Eqz) e mMaterial parameters.

that takes into account the progressive reduction of the laser

intensity as it penetrates the powder: B. The temperature of the particles

[L(X)=1 e “ef (11 The temperature of the particles near the powder surface

at steady-state conditions can easily be derived from @gs.
Herex is the distance from the powder surface ang is the and (4) y y &

extinction coefficient of the powder now treated as a con-

tinuum. Every particle is irradiated by the laser at an inten- [ Qabs l/4| 1/4 (14)
sity that depends on its position So, the observed emission P\ 4oe L
will be:

If the optical parameters were known, then the temperature

o - could be calculated. However, as stated before, this is not
le= fo le(x)e" “edx, (120 possible with sufficient accuracy. Anyway, if we rewrite Eq.
(13) in the form:
wherel () is related tol (x) according to Eq(7). Now, a | he [doe |l
first order calculation ox can be made due to the fact that Ln TE/ZZA— - ( ') s (15)
the radiative emission diminishes very quickly with the laser I Akg | Qaps
power (Fig. 2. We thus obtain: we see that from the slope of the corresponding curve the
8mhc kg 4oe ., temperature can be calculated. The result is plotted in Fig. 7.

le=€(N\)

= h L Curve A is the temperature corresponding to the measure-
N> aehC Qaps ments of Fig. 2, whereas curBcorresponds to those results
hc [ 4oe |\ M4 reported in Ref. 8. In view of the excellent linearity of the
Xexp{ T NKa (I Q j } (13 points in Fig. 2, the values of temperature can be taken with
B\ TLab great confidence.
which shows that the logarithm dfellﬁ’4 and notl, [as An independent experimental measurement of the par-
stated in Eq.(7)] should be proportional td)[l"‘. The ex- ticle temperature and the cooling effect due to the gas is
perimental results are replotted in Fig. 2 according to thigprovided by Raman measurements. The sample is located in
equation. a vacuum chamber and it is illuminated by the laser beam. It
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C. A priori calculation of the temperature

We now discuss the conditions that make possible the
radiative thermal emission in Si nanopatrticles. This will al-
low us to predict whether such behavior can be expected for
other kinds of nanoparticles. The only particle parameters
that determine the temperature are the fraction of the incident
laser beam intensity that is absorbed by the parti@g,.,
and the integrated emissivity; . These parameters can be
related to the absorption coefficients at the laser wavelength,
a, and in the infraredg; . If we neglect the dispersion of
light, then we can state approximately that

Qapsal, g=~ajr. (17)

So, in view of Eq.(14) the temperature is proportional to
(a /7)Y Now, in the case of silicon, we can calculate
priori the temperature expected in typical excitation condi-
tions (say, 20 mW/4 m). If we take a, =18x10° cm™?
(Ref. 195 and for «; the value of a highly doped silicon at
elevated temperaturesq;~100 cni%,?° we obtain T,

Intensity (a.u)

H
A=514nm , ! M ~1400 K. Although this value is far from the experiment it
lo = 130 Wiem? 1 suggests that the radiative thermal emission could have been
Lo Tvw lvy predicteda priori. A high value ofe, /a;~10? is obtained in
420 480 540 . 600 silicon because the excitation is at a photon energy higher
Raman shift (cm™') than the band-gap energy.

Now, we can understand why the nanopowder emits the
fiermal radiation only after it has been dehydrogen&ted.
This is because with hydrogen the predominant bond is
Si—H, which has an energy in the ultraviolet regidm;_
~3.5eV. So,qa is very low before the hydrogen has
evolved from the powder.

A simple general criterion for the thermal emission
could be the comparison between the band-gap engggy
w1o(T) = 010(273 K)—(2.81x10 2 cm™ Y/K)(T—273). and that of the exciting photon$i¢,). Within our experi-

(16) mental conditions we have not observed any radiation from

Figure 8 shows the TO peak of silicon powder at differ- BN OF SkN, because, in these caség>hy, . On the other
ent gas pressures. The calculated temperatures of the Si p&@nd. we believe that it could be possible to detect it in SiC
ticles from the TO peak shift are presented in Fig. 9. ThePnce dehydrogenateigt,=2.35 eV for the CUb_'C pthype .
values are higher than those reached during luminescence . Although Eq.(17) suggests that the particle heating is

experiments due to the higher laser intensity obtained in thd1dependent of its dimensions, this is not the case. The
Raman microscope. smaller the particles the more intense the heating for three

reasons:(@) when «,>a;, as the radius increasdd,,s
reaches its limiting valué~1) beforee; ; (b) the dispersion

of the radiation make®,,sand €; smaller than in Eq(17),

this effect being more pronounced at higher wavelengths
(that is fore;); and(c) at radii greater than aboutAm, the
particles tend to agglomerate due to their own weityimiak-

ing the thermal radiation negligible compared with the ther-
mal conduction.

FIG. 8. Raman spectra measured a different gas pressures. The shift of tt[1
TO peak is interpreted as due to the heating of the powder.

is known that the transverse optiddlO) peak ofc-Si shifts
from 520.5cm? at 20 °C to lower wave numbers as the
temperature increases according to a linear relatioriShip.

15
800

23
o
(=)

10—

400 . -
D. Photoluminescence of porous silicon and related

materials

Avqg (cm")
Temperature (°C)

200 In the last subsection we analyzed the particle character-
istics that make possible the thermal radiation in our experi-
Sims | | | | 1 mental conditions for the photoluminescence measurements
100 101 102 103 104 (under vacuum and at moderate laser intengitibsit is, the
Pressure (Pa) conditions at which the thermal radiation resembles photolu-
FIG. 9. Temperature of the particles at the excitation conditions of theminescence. For this, a low thermal conductivity is essential.
Raman measurements. If the measurements are not performed under vacuum the
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necessary laser intensity will increase considerably. As athe reduced thermal conductivity in similar powders or in
example, a method to determine the size of soot particles bgorous-silicon related materials can lead to an important
heating them with a laser pulse has been repdted. heating of the samples in photoluminescence experiments,
Now, the structure of porous silicon and similar materi-which can led to erroneous interpretations.

als with reduced thermal conductivity can be locally heated
with laser excitation. We believe that some studies reported
in literature deal in fact with thermal emission rather thanACKNOWLEDGMENT
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