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Silicon nanopatrticles have been synthesized by electrons. The drastic change in energy levels leads
heating reactant gases with a 500 W C@laser. A to a widening of band gaps, to an increase in
technique based on scattering of He—Ne laser oscillator strength and to the appearance of a strong

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. Cheni2, 361—-365 (1998)

Keywords: silicon nanoparticles; optical proper-
ties; CO, laser

Received 23 December 1997; accepted 22 January 1998

INTRODUCTION

luminescence band in the visible range.

In this framework, the C@ 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 parametets. 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 controlfe%.
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

Opto-electronic devices based on silicon have beearticle size evolution during the process, in order
a goal of the electronics industry, but, until now, the to obtain silicon powders with very small diameters
weak emission of silicon has precluded the(under 10 nm) which exhibit luminescence spectra
realization of a true large-scale opto-electronicabove the band gap of bulk silicon. ,
integration. To this end, there has been considerable In this work, we report the results obtained by
interest in light emission from new forms of silicon. this technique on the growth control of silicon
Attention has been concentrated primarily oncrystallites by the reaction parameters, and a
porous silicon, but now there is also a growing preliminary study on the optical properties of
body of work on nanocrystalline silicon and silicon- laser-synthesized silicon nanoparticles.

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 tEXPERIMENTAL

guantum dots where it is possible to confine the

The silicon powders were synthesized by heating
the silane to the dissociation limit with a 500 W
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low 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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asthe precursoibecausef its strongabsorptiorat
10.6um which provides coupling with the laser
radiation. The gaseousstream intersected the
horizontal laser beam, absorbingoptical energy
which raisedthe temperatureof the reactionzone,
wherea flamewascreated.The temperaturef the
reaction zone was determinedby micro optical
pyrometrycorrectedfor emissivities.The particles
nucleatecandgrewin thesmalllaser-heatedegion,
thenpassedapidly out of thehot zoneentrainecby
the carrier beam and collected downstreamin a
tank. Typical residencetimes of particlesin the
reaction flame were 1-10ms, leading to high
cooling ratesasthey left the laserbeam.The cell
pressure,read on a baratron capacitanceman-
ometer,was maintainedconstantduring the reac-
tion by meansof an automatic throttle valve;
powder productionwas continuous,with the rate
determinedby the gasflow rate.

The processheginswhenthe silanedecomposes
into silicon particles.Usingthe aerosolgrowth law
developedor the free molecularregime>® we find
thatthe mostsignificantparametergor the scaling
of particle dimensionsare the initial number of
monomersandtheresidencdime of particlesin the
flame: the concentrationof monomersis propor-
tional to the systempressureand dependsupon
reactionflame temperaturewhile residencetime
increasesvith increasingcell pressureanddecreas-
ing reactantilow rate.

Particle size evolution during the processis
followed by measuringheextinctionandscattering
of a polarized He—Ne beam from the cloud of
particlesin the reactionflame’ The Lorentz—Mie
theoryof scatteringhasbeenappliedto this caseby
assuminghateachparticlescatterseparatelyvith
no optical interferenceamong scattering.If the
incidentandscatteredight arepolarizedorthogon-
ally to the scatteringplane, the scatteredight at
right anglesmeasuredrom the detectorin a solid
angle Q) is W- and the scatter/extinctiorratio is
givenby Egn[1], wherely andl aretheincidentand
transmitted He—Ne laser intensity, it the Mie
scatteringfunction and Cgy the extinction cross-
section per particle. The scatter/extinctionratio
dependn the particle size, the particle index of
refractionandthe wavelengthof incidentlight. It is
a multi-valued function of particle diameter,and
thereforeanestimationof particlesizerequireshat
the particlegrowthis followed from the beginning.
The scatteringand extinction measurementsilso
allow the determination of the emissivity and
numberdensity of particlesin the portion of the
flame probedby the He—Nelaser.

© 1998JohnWiley & Sons,Ltd.
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The surface area of laser-synthesizedsilicon
particleshasbeenmeasuredy the BET method,
the morphological properties have been investi-
gatedby TEM (JEOL 200CX) andthepatrticlesize
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-
detectodistance3 m; neutrorwavelengthp.6nm)
wereselectedn orderto obtaininformationon size
distribution over a significant size range. The
sampleasedfor thesemeasurementserepressed
pellets approximately 1 mm thick with 1c
surfacearea.

RESULTS AND DISCUSSION

Particle growth

Preliminary scatter/extinction and temperature
measurementsavebeenperformedonlaser-heated
silicon powdersynthesigeactionsundera rangeof
procesgonditions.Theparticleradiusasafunction
of positionin the reactionzoneis presentedn Fig.
1. All measurementmdicatethatthe particlesare
often nucleatedbeforethe reactantgasstreamhas
reachedhelaserbeam.In any case,t is clearthat
asthe particlestravelthroughthe centreof thelaser
beamthereis a steepgrowthratethatcanbe slowed
down by decreasingthe reactor pressure, by
diluting the silanewith inert gasand by using He
instead of Ar as carrier. In this latter case a
significantgrowth is observedafter the laserbeam.
Thefinal particlesizesobtainedby thistechnique
have beencomparedwith the valuesobtainedby
othertechniquesFor the laser-synthesizedilicon
particles,the averagepore diameterswere always
equalto theparticlediametersneasuredrom TEM
images, indicating that the particles have no
porosity accessibleto the surfaces.Thesevalues
are lower than those obtained by scattering/
extinction measurementdyut in close agreement.
Thisfinding canberelatedto themultiple scattering
from particles, resulting in a larger scattering/
extinctionratio andlargerparticle size.
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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.

By using the experiencegainedby this techni-
gue,we variedreactorpressureandsilanedilution
percentagespbtainingsilicon particleswith aver-
agediameterin therange5-170nm (seeFig. 2).

Photoluminescence spectra

The photoluminescencespectrometry was per-
formedatroomtemperaturen cold-pressegellets
and recordedon a PTI spectrofluorimeterwith
extended red responseto about 850nm. The
wavelength sensitivity of the measuringsystem
was calibratedwith a standardungstenamp.

In general the photoluminescencespectra of
nano-siliconshowedtwo bands:onearoundl.7eV
anda secondat 1.9eV. The relative strengthsand
positionsof the bandsvaried betweensamplesand
canbe correlatedwith particlesize.

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

© 1998JohnWiley & Sons,Ltd.
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Figure 2 Particlesize scalingby reactorpressureandsilane
dilution: (a) P=400Torr; (b) P=250Torr; (c) P=200Torr.

20nm (samplesobtainedwithout dilution of silane
in inert gas and pressurehigher than 200Torr).
Thesefindingsindicatethat a reductionof particle
size increasesthe intensity of the luminescence
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Figure 3 Photoluminescencspectrafrom silicon powders
obtained at 200Torr without silane dilution in inert gas
(equivalentBET diameter,10nm).
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Figure 4 Room-temperaturphotoluminescencgpectrarom
silicon powdersobtainedin differentrunswith (a) low dilution
of silanein argon(40%), and (b) high dilution of silanein He
(20%). The equivalentBET diametersare 7 nm and 5nm,
respectively.

band at higher energy, in agreementwith the
hypothesiof aquantumconfinemeneffect.In this
contextthe f.w.h.m. of about0.2eV indicatesthe
presencef different sizesof nanocrystal§seethe
nextparagraph).

The dependenceof the photoluminescence
energyon particle size is well known and many
calculations has been made which quantify the
relationship betweenparticle diameterand band
gapenergy’*°Fromthesedatait is suggestethat
a bandgap aroundl.7eV correspondgo particle
dimensiongangingfrom 3to 5 nm,whereasband
gap of 1.9-2.2eV correspondgo particle sizesin
the range 2.5-3.5nm. However, the size depen-
denceof the photoluminescenceeak 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*~*Following theseauthorswe canattribute
the peakat higherenergyto populationof particles
with a diameterunder2 nm.

To gain a deeperinsightin to this questionwe
madea preliminaryinvestigationof theparticlesize
distributionof particleswhichexhibitadoublepeak
emission.

© 1998JohnWiley & Sons,Ltd.
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Figure 5 Size (a) and volume (b) distribution functions
obtainedfrom samplessynthesizedvith a high silanedilution
(continuoudine) andwith alow silanedilution (dottedline).

104

Particle size distribution

Informationon particlesizedistributionof samples
with lower particle sizeswasobtainedoy meansof
small-angle neutron scattering (SANS) measure-
ments; general information on this techniqueis
availableelsewheré?
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The sizedistributionfunctionswere obtainedby
transforming the SANS data by the method
previously reported® which gives a logarithmic
representationf N(R), the numberof particlesper
unit volume of sizebetweenR andR+d, which is
particularly useful to identify the presenceof
particleswith sizesdiffering in ordersof magnitude
(polydispersedsystems); this occurs quite fre-
qguentlyin practicalcasesThe resultsarereported
in Figs 5(a) and 5(b), which refer respectivelyto
N(R) and D(R)=N(R)R® (volumedistributionfunc-
tion), obtainedby assumingsphericalform factor
for thesamplesln bothcasesa densepopulationof
very fine particles(R < 1 nm) is accompaniedby a
secondarypopulation, particularly evidentin Fig
5(b). As for thesmallparticles theyarepresenin a
larger amount and in larger size in the sample
obtainedwith alow silanedilution.

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

CONCLUSIONS

In this work we have shownthat by CO, laser-

inducedpyrolysisof silaneit is possibleto produce
silicon particleswith dimensionghatcanbescaled
by reaction parametersover a wide range. The

laser-synthesizesilicon nanoparticlesvith smaller
diameters (under 10nm) exhibit photolumines-
cencespectraabovethe bandgap of bulk silicon.

A drasticsizereductionis neededor the observa-
tion of visible light emissionat room temperature
(particlesin therangel—-2nm),in broadagreement
with the results reported in the literature. The

difference betweenthe photoluminescencepeak
energyandthe calculatedbandgapimply thatthe

carrier or excitonsrelax from the higher-energy
absorptiorstateto the lower-energyemissionstate.

This point deservedurther investigation.

© 1998JohnWiley & Sons,Ltd.
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