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Silicon nanoparticles have been synthesized by
heating reactant gases with a 500 W CO2 laser. A
technique based on scattering of He–Ne laser
light by particulates in a reaction flame has been
developed for probing the particle size evolution
during the process, in order to scale down the
particle diameter (under 10 nm). The optical and
structural properties of laser-synthesized silicon
nanopowders obtained in different runs are
reported.# 1998 John Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 361–365 (1998)

Keywords: silicon nanoparticles; optical proper-
ties; CO2 laser
Received 23 December 1997; accepted 22 January 1998

INTRODUCTION

Opto-electronic devices based on silicon have been
a goal of the electronics industry, but, until now, the
weak emission of silicon has precluded the
realization of a true large-scale opto-electronic
integration. To this end, there has been considerable
interest in light emission from new forms of silicon.
Attention has been concentrated primarily on
porous silicon, but now there is also a growing
body of work on nanocrystalline silicon and silicon-
rich silica films, which have similar optical proper-
ties to porous silicon without the related problem of
stability. These systems with the configuration of
grains dispersed in a matrix can be assimilated to
quantum dots where it is possible to confine the

electrons. The drastic change in energy levels leads
to a widening of band gaps, to an increase in
oscillator strength and to the appearance of a strong
luminescence band in the visible range.

In this framework, the CO2 laser-induced
pyrolysis of silane has attracted new interest as a
valuable tool for producing silicon nanoparticles
with morphological properties that can be con-
trolled by reaction parameters.1,2 This technique
was first reported by Haggerty in 1981, and it has
been shown that, by adjusting the reaction condi-
tions, the chemical composition and morphological
properties of powders can be controlled.3,4

Although variations in the characteristics of the
product powder have been studied extensively as a
function of the process parameters, the properties of
the reaction itself remained more difficult to
characterize, among them the evolution in time of
particle size, i.e. the particle size scaling by reaction
parameters. For the silicon synthesis, we developed
a technique based on scattering of He–Ne laser light
by particulates in a reaction flame for probing the
particle size evolution during the process, in order
to obtain silicon powders with very small diameters
(under 10 nm) which exhibit luminescence spectra
above the band gap of bulk silicon.

In this work, we report the results obtained by
this technique on the growth control of silicon
crystallites by the reaction parameters, and a
preliminary study on the optical properties of
laser-synthesized silicon nanoparticles.

EXPERIMENTAL

The silicon powders were synthesized by heating
the silane to the dissociation limit with a 500 W
CO2 laser. The reactants interacted in a laminar
flow confined by a carrier beam (He,Ar) in a
collision environment; for the silicon powder
synthesis, silane (99.998%; Air Liquide) was used
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astheprecursorbecauseof its strongabsorptionat
10.6mm which provides coupling with the laser
radiation. The gaseousstream intersected the
horizontal laser beam, absorbingoptical energy
which raisedthe temperatureof the reactionzone,
wherea flamewascreated.The temperatureof the
reaction zone was determinedby micro optical
pyrometrycorrectedfor emissivities.The particles
nucleatedandgrewin thesmalllaser-heatedregion,
thenpassedrapidlyoutof thehotzoneentrainedby
the carrier beam and collected downstreamin a
tank. Typical residencetimes of particles in the
reaction flame were 1–10ms, leading to high
cooling ratesas they left the laserbeam.The cell
pressure,read on a baratron capacitanceman-
ometer,was maintainedconstantduring the reac-
tion by means of an automatic throttle valve;
powder productionwas continuous,with the rate
determinedby thegasflow rate.

Theprocessbeginswhenthesilanedecomposes
into silicon particles.Usingtheaerosolgrowthlaw
developedfor thefreemolecularregime,5,6 we find
that themostsignificantparametersfor thescaling
of particle dimensionsare the initial number of
monomersandtheresidencetimeof particlesin the
flame: the concentrationof monomersis propor-
tional to the systempressureand dependsupon
reactionflame temperature,while residencetime
increaseswith increasingcell pressureanddecreas-
ing reactantflow rate.

Particle size evolution during the processis
followedby measuringtheextinctionandscattering
of a polarized He–Ne beam from the cloud of
particlesin the reactionflame.7 The Lorentz–Mie
theoryof scatteringhasbeenappliedto thiscaseby
assumingthateachparticlescattersseparatelywith
no optical interferenceamong scattering.If the
incidentandscatteredlight arepolarizedorthogon-
ally to the scatteringplane, the scatteredlight at
right anglesmeasuredfrom the detectorin a solid
angled
 is W? and the scatter/extinctionratio is
givenby Eqn[1], whereI0 andI aretheincidentand
transmitted He–Ne laser intensity, i? the Mie
scatteringfunction and Cext the extinction cross-
section per particle. The scatter/extinctionratio
dependson the particle size, the particle index of
refractionandthewavelengthof incidentlight. It is
a multi-valued function of particle diameter,and
thereforeanestimationof particlesizerequiresthat
theparticlegrowthis followed from thebeginning.
The scatteringand extinction measurementsalso
allow the determination of the emissivity and
numberdensity of particlesin the portion of the
flameprobedby theHe–Nelaser.
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The surface area of laser-synthesizedsilicon
particleshasbeenmeasuredby the BET method,
the morphological propertieshave been investi-
gatedby TEM (JEOL200CX) andtheparticlesize
distribution has been determinedby small-angle
neutron (SANS) scattering.SANS measurements
were carried out using the PAXY instrument
installed at Laboratoire Léon Brillouin (CEA–
CNRS). The experimentalconditions(sample-to-
detectordistance,3 m; neutronwavelength,0.6nm)
wereselectedin orderto obtaininformationonsize
distribution over a significant size range. The
samplesusedfor thesemeasurementswerepressed
pellets approximately 1 mm thick with 1 cm2

surfacearea.

RESULTS AND DISCUSSION

Particle growth

Preliminary scatter/extinction and temperature
measurementshavebeenperformedonlaser-heated
silicon powdersynthesisreactionsundera rangeof
processconditions.Theparticleradiusasafunction
of positionin thereactionzoneis presentedin Fig.
1. All measurementsindicatethat the particlesare
often nucleatedbeforethe reactantgasstreamhas
reachedthe laserbeam.In anycase,it is clearthat
astheparticlestravelthroughthecentreof thelaser
beamthereis asteepgrowthratethatcanbeslowed
down by decreasing the reactor pressure, by
diluting the silanewith inert gasandby usingHe
instead of Ar as carrier. In this latter case a
significantgrowth is observedafter the laserbeam.

Thefinal particlesizesobtainedby thistechnique
havebeencomparedwith the valuesobtainedby
other techniques.For the laser-synthesizedsilicon
particles,the averagepore diameterswerealways
equalto theparticlediametersmeasuredfrom TEM
images, indicating that the particles have no
porosity accessibleto the surfaces.Thesevalues
are lower than those obtained by scattering/
extinction measurements,but in closeagreement.
Thisfindingcanberelatedto themultiplescattering
from particles, resulting in a larger scattering/
extinctionratio andlargerparticlesize.
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By using the experiencegainedby this techni-
que,we variedreactorpressureandsilanedilution
percentages,obtainingsilicon particleswith aver-
agediameterin the range5–170nm (seeFig. 2).

Photoluminescence spectra

The photoluminescencespectrometry was per-
formedat roomtemperatureoncold-pressedpellets
and recorded on a PTI spectrofluorimeterwith
extended red responseto about 850nm. The
wavelengthsensitivity of the measuringsystem
wascalibratedwith a standardtungstenlamp.

In general the photoluminescencespectra of
nano-siliconshowedtwo bands:onearound1.7eV
anda secondat 1.9eV. The relativestrengthsand
positionsof thebandsvariedbetweensamplesand
canbecorrelatedwith particlesize.

For sampleswith an averagediameterof 10nm
the ratio betweenthe low- and high-energyband
intensitiesis around5:1 (seeFig. 3), whereasfor
7 nm and5 nm samplesthis ratio is 2:1 (Fig. 4); in
this case a ‘bump’ around 2.2eV appears.The
luminescencecanbeobservedby thenakedeye.No
luminescenceis detectedby our equipmentin this
rangefrom sampleswith a diametergreaterthan

20nm (samplesobtainedwithout dilution of silane
in inert gas and pressurehigher than 200Torr).
Thesefindingsindicatethat a reductionof particle
size increasesthe intensity of the luminescence

Figure 2 Particlesizescalingby reactorpressureandsilane
dilution: (a) P = 400Torr; (b) P = 250Torr; (c) P = 200Torr.Figure 1 Particleradiusevolutionalongthereactionflamefor

different experimentalconditions:(a) He carrier, high silane
dilution, P = 300Torr; (b) He carrier, low silane dilution,
P = 300Torr; (c) He carrier, no silanedilution, P = 300Torr;
(d) Ar carrier,no silanedilution, P = 300Torr.

Figure 3 Photoluminescencespectrafrom silicon powders
obtained at 200Torr without silane dilution in inert gas
(equivalentBET diameter,10nm).
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band at higher energy, in agreementwith the
hypothesisof a quantumconfinementeffect.In this
contextthe f.w.h.m. of about0.2eV indicatesthe
presenceof different sizesof nanocrystals(seethe
nextparagraph).

The dependenceof the photoluminescence
energyon particle size is well known and many
calculationshas been made which quantify the
relationshipbetweenparticle diameter and band
gapenergy.8–10Fromthesedatait is suggestedthat
a bandgap around1.7eV correspondsto particle
dimensionsrangingfrom 3 to 5 nm,whereasaband
gap of 1.9–2.2eV correspondsto particle sizesin
the range 2.5–3.5nm. However, the size depen-
dence of the photoluminescencepeak energy is
very small comparedwith the theoreticalcalcula-
tions; in particular there is a large difference
between photoluminescencepeak energy and
theoretical band gap energy in small nanocrys-
tals.11–14Following theseauthors,we canattribute
thepeakat higherenergyto populationof particles
with a diameterunder2 nm.

To gain a deeperinsight in to this questionwe
madeapreliminaryinvestigationof theparticlesize
distributionof particleswhichexhibitadoublepeak
emission.

Particle size distribution

Informationon particlesizedistributionof samples
with lower particlesizeswasobtainedby meansof
small-angleneutron scattering(SANS) measure-
ments; general information on this techniqueis
availableelsewhere.15

Figure 4 Room-temperaturephotoluminescencespectrafrom
silicon powdersobtainedin different runswith (a) low dilution
of silanein argon(40%),and(b) high dilution of silanein He
(20%). The equivalent BET diametersare 7 nm and 5 nm,
respectively.

Figure 5 Size (a) and volume (b) distribution functions
obtainedfrom samplessynthesizedwith a high silanedilution
(continuousline) andwith a low silanedilution (dottedline).
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Thesizedistributionfunctionswereobtainedby
transforming the SANS data by the method
previously reported16 which gives a logarithmic
representationof N(R), thenumberof particlesper
unit volumeof sizebetweenR andR�d, which is
particularly useful to identify the presenceof
particleswith sizesdiffering in ordersof magnitude
(polydispersedsystems); this occurs quite fre-
quently in practicalcases.The resultsarereported
in Figs 5(a) and 5(b), which refer respectivelyto
N(R) andD(R)=N(R)R3 (volumedistributionfunc-
tion), obtainedby assumingsphericalform factor
for thesamples.In bothcasesadensepopulationof
very fine particles(R� 1 nm) is accompaniedby a
secondarypopulation,particularly evident in Fig
5(b).As for thesmallparticles,theyarepresentin a
larger amount and in larger size in the sample
obtainedwith a low silanedilution.

Fromthesedata,we shouldattributethepeakat
higher energy to the population of very fine
particles, but we need a similar characterization
of other samplesand particleswith more uniform
sizefor a preciseattribution.

CONCLUSIONS

In this work we have shown that by CO2 laser-
inducedpyrolysisof silaneit is possibleto produce
silicon particleswith dimensionsthatcanbescaled
by reaction parametersover a wide range. The
laser-synthesizedsiliconnanoparticleswith smaller
diameters (under 10nm) exhibit photolumines-
cencespectraabovethe bandgapof bulk silicon.
A drasticsizereductionis neededfor the observa-
tion of visible light emissionat room temperature
(particlesin therange1–2nm), in broadagreement
with the results reported in the literature. The
difference between the photoluminescencepeak
energyandthe calculatedbandgapimply that the
carrier or excitons relax from the higher-energy
absorptionstateto thelower-energyemissionstate.
This point deservesfurther investigation.
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