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Photoluminescence features on the Raman spectra of quasistoichiometric SiC nanoparticles:
Experimental and numerical simulations
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Visible photoluminescence~PL! broad bands are observed in the Raman spectra of SiC nanoparticles~np-
SiC! with diameters ranging from 10 to 25 nm. The phenomenon is studied versus the particle size, chemical
composition, annealing, and oxidation treatments. In the case of quasistoichiometric np-SiC, excitation by
514-nm radiation gives rise to broad red PL emissions mainly enhanced by the amorphous fraction of the
particles and by the surface chemical disorder induced by oxidation. The PL spectra are quantitatively analyzed
using numerical methods based on cluster approaches. PL bands are calculated as a function of the cluster
geometry and defects~carbon and silicon vacancies!, as well as the oxygen location within np-SiC sites. The
relevance of this numerical analysis is discussed to account for the main features of the PL broad structure. The
PL signature in SiC nanopowders can be used to monitor the physical organization of the np-SiC and to point
out their amorphous structure fraction, surface states, and the defect contents.

DOI: 10.1103/PhysRevB.66.155317 PACS number~s!: 78.67.Bf, 78.55.2m, 71.35.Cc
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I. INTRODUCTION

SiC thin films are currently used in a wide range of a
plications such as high-power electronics and photovol
and optoelectronic devices.1,2 Particularly, the search for a
blue emitting device from bulk SiC was initiated two d
cades ago3 and an improvement of the process was und
taken by the use of porous SiC.4–7 In these nanoscopic o
mesoscopic systems, beyond a higher photoluminesc
~PL! efficiency than that in the case of bulk SiC, the P
spectra undergo large redshifts far from energies involve
interband transitions in crystalline SiC. These emissions
attributed to mechanisms mainly governed by defect sta
as also shown in polycrystalline SiC or in amorpho
a-SiC:H thin films giving rise to red-green luminescence
room temperature.8 Recent works mainly focused on nan
sized systems such as individual nanoobjects9 or those cre-
ated in porous matrices.6–10At this nanoscale, quantum con
finement effects modify the electronic band structures,
vibronic states and the optical emission with respect to
bulk material.11–13

The present work concerns the analysis of PL broad ba
superimposed to the Raman signals from SiC nanoparti
~np-SiC!. The involved nanocrystallites~nc-SiC! exhibit a
versatile character through the wide range of the electro
gap, modulated by crystalline polytypes, i.e.,Eg ~2.2 eV for
3C-SiC and 3.33 eV for 2H-SiC), and by the nc-SiC nanos
cale size.14 Moreover, a relaxation of chemical bonds, a
the existence of defects required for the thermodynamic
bility of the particle,15,16are expected to generate PL signa
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However, instead of well-defined PL bands, only broad f
tures are observed in the SiC nanopowders. It is there
necessary to clarify the exact origin of the PL in np-SiC w
regard to the amorphous fraction and the defects within
nanoparticles.

The second interest in these nanopowders lies in the fo
tionalization of SiC-based nanocomposites such
polymer-~nc-SiC!.17 Indeed, the nanocrystalline size mod
lates the band energy structures and the interface states
when associated with suitable matrices, promising potent
ties appear in nonlinear optic17 as well as electro-optica
properties which are under examination.18 In these SiC-based
composites, the interfaces play a key role in the main ph
cal responses and the challenge lies in the control of
particle surface states. So PL studies are able to monitor
physical organization of the nanoparticles including stru
tural features, surface states, and the involved defects. In
context, nc-SiC, with sizes ranging from 10 to 25 nm a
investigated. The synthesis method is based on the CO2 laser
pyrolysis of gaseous silane and acetylene reactants.19 The
crystalline structure, composition, and np-SiC sizes can
modulated in a large extent by using appropriate reac
fluxes and laser power as well as post thermoannealing u
argon or oxygen. The spectral studies are performed w
confocal Raman spectrometer coupled with an argon-kryp
laser for excitation. The 514-nm laser excitation is w
adapted to probe the defect levels within the gap and also
emission from cubic SiC structure (Eg52.2 eV). To account
for the PL phenomena quantitatively, numerical metho
based on cluster approaches are developed. They cons
©2002 The American Physical Society17-1
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the built of suitable clusters in which structural defects
vacancies can be created to fulfill geometrical optimizati
Numerical simulations by quantum chemistry codes wit
the configuration interaction and the semiempirical param
ric method~PM3! ~Refs. 20–22! are undertaken. The theo
retical PL bands are calculated and compared with the
perimental results. These approaches allow a be
understanding of the origin of the broad visible PL in np-S
based samples.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Synthesis, morphology, and structure of the nanosized SiC
samples

SiC nanoparticles are synthesized by CO2 laser pyrolysis
of a gaseous mixture of silane and acetylene as reactan19

In the powder referred as SiC229, the reactant fluxes, wh
control the composition of the sample, were fixed to 1
cl min21 for SiH4 and 80 cl min21 for C2H2 and the mixture
was submitted to about 750-W laser power. The chem
analysis of the nanopowder yields an atomic ratio C
51.0260.02 which ensure that the powder is close to a s
ichiometric one. TEM observations@Fig. 1~a!# evidence the
homogeneous composition of the np-SiC with particle s
distribution in a narrow range centered on 10 nm. Hig
resolution TEM images reveal that particles are composed
several crystallites, with a 2.5-nm average diameter, emb
ded in an amorphouslike SiC background@Fig. 1~b!#. The
external particle surfaces show disordered structures p
ably due to a departure from the stoichiometry, as w
proved in previous investigations of SiC nanopowders s
thesized by the same process.9 In order to characterize th
particle size effects and their structural organization in c
nection with the PL signals, nanopowders with similar C
ratios (C/Si51.0260.02) and large-sized nanocrystals~25
nm! were also investigated. These samples are referred
low as SiC238 and SiC241.

X-ray-diffraction ~XRD! studies of the SiC229 powde
give broad diffraction lines due to the low dimension of t
nanocrystals and to the amorphous SiC content, in agreem
with TEM observations. These broad XRD lines cannot
used to discriminate between the various SiC polytyp
More relevant structural information can be obtained fro
29Si magic angle spinning~MAS!-NMR measurements. Fig
ure 2 summarizes the main features of the NMR spectra
two representative samples. The coexistence of amorph
hexagonal and cubic SiC structures is evidenced with
corresponding relative fractions summarized in Table I. I
worth noting the overestimation of the sample amorph
fraction from NMR, mainly due to the short spin-lattice
relaxation times in amorphous structure compared to tha
cubic or hexagonal lattices.

To modify the particle surface states by an elimination
residual carbon excess and surface dangling bonds, an
ing treatments were performed for one hour under conti
ous oxygen flow at about 440, 550, and 970 °C. The car
removal occurs by a CO2 release and, as probed by EP
spectroscopy, the oxidation of the external particle surfa
reduces drastically the electronic defect states at the par
15531
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boundaries. IR characterizations show the appearanc
Si-Si and Si-O bonds but the Si-C ones remain observed
treatment up to 970 °C~Fig. 3!. Moreover, following the pro-
cess described elsewhere,9,15 other sets of thermoannealin
under argon atmosphere were also performed in order to
prove the crystalline order in the investigated samples.

B. Experimental results

Vibrational and luminescence properties are investiga
by using a confocal micro-Raman spectrometer. The exc

FIG. 1. TEM images of the SiC229 sample:~a! a low-resolution
image evidencing the homogeneous particle diameter about 10
and~b! a high-resolution image focusing on a nanoparticle com
sition which evidence amorphous background with nanocrysta
diameters about 2–3 nm.
7-2
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tion was realized with a 514.5-nm laser radiation of Ar1,
with 10-mW power, in order to prevent the overheating
the sample. With regard to the large spectral range on wh
the spectra are recorded, an appropriate calibration of
CCD detection system was realized.

Raman measurements on the as-formed batch SiC229
oxidized ones are dominated by PL broad bands. The res
reported in Fig. 4 reveal three characteristic contributio
The first is associated with vibrational properties from is
lated carbon arrangements giving rise to the bands in

FIG. 2. 29Si MAS-NMR spectra of as-formed SiC238~a! and
SiC229~b! samples. A superposition of cubic (3C) and hexagonal
6H structures is evidenced in both samples at chemical s
~215.61,220.64, and224.48 ppm!. Amorphous SiC is also evi-
denced through the large and broad line superimposed to the s
tured triplet lines.

TABLE I. Structural properties of SiC nanosized powders
ferred from29Si MAS-NMR investigations. The rate of amorphou
fraction is overestimated due to the short spin-lattice relaxation t
of amorphous structure compared to that in 3C-SiC and 6H-SiC
lattices. Also reported the paramagnetic center concentrations
duced from EPR measurements.

Sample 6H-SiC
~%!

3C-SiC
~%!

a-SiC
~%!

Defect concentration
(1020 cm23)

SiC229 9 7 84 19
SiC241 29 26 45 6
SiC238 38 26 36 2
15531
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wavenumber range 1350–1650 cm21 ~inset of Fig. 4!. The
second contribution is from the vibrational properties of S
~inset!, which consists of a density of states with regard
the low nc-SiC size and to the high amorphous fraction
these np-SiC’s. The third contribution is a broad signal in
spectral range 514–800 nm~absolute wavelength! ascribed
to PL phenomena~Fig. 4!. The highest PL intensity is ob
tained on the sample oxidized at the highest temperature

In the SiC238 and 241 samples with large-sized nanop
ticles ~;25 nm!, Fig. 5 point out the first- and second-ord
Raman lines of carbon through the resolved structures in
wave-number ranges~1350–1650 cm21; i.e., 550–575-nm
absolute wavelength! and ~2600–3300 cm21; i.e., 575–625
nm!. The presence of the SiC structure is partly evidenced
a broad band associated with phonon density of states~inset
of Fig. 4!. So the vibrational properties of these nanopowd
are dominated by the carbon excess mainly involved at
particle outermost surfaces and by the SiC amorphous f
tion. The broad signal from PL phenomena is highly reduc

ift

uc-

e

e-

FIG. 3. IR spectra in the SiC229 sample annealed for one h
under oxygen at temperatures 440 °C~a! and 970 °C~b!. It is worth
noting the appearance of Si-Si and Si-O bonds with the increas
the oxidation temperature.

FIG. 4. Broad photoluminescence bands on the Raman spe
of SiC229 samples:~a! The as-formed sample and~b!, and ~c!
heated samples under oxygen at temperatures 440 °C~b! and 970 °C
~c!. The intensities are normalized by weighting factors@1/3 ~a!, 1
~b!, and 1/10~c!#. In the inset we show the Raman spectrum of t
as-formed SiC229 sample with vibrational bands from carbon
SiC arrangements.
7-3
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A. KASSIBA et al. PHYSICAL REVIEW B 66, 155317 ~2002!
than in the SiC229 sample@Fig. 5~a!#. Although the SiC238
and 241 samples have similar compositions and part
sizes, their PL signals are different. As discussed bel
these differences are associated with amorphous SiC and
face states. Furthermore, for the SiC238 and SiC
samples, annealing under argon at 1200 and 1400 °C con
utes to the emergence of well defined SiC Raman bands
reduction of the broad PL features~Fig. 6!. Improvement of
the crystalline structures and modification of the particle s
faces by a release of carbon excess are the main effec
this annealing treatment.9

III. NUMERICAL APPROACHES

A. Theoretical background

In order to put in light the main parameters that gove
the PL response, a detailed analysis was undertaken by u
numerical methods based on SiC clusters with differ
structures as involved in the bulk cubic (3C-SiC) and hex-
agonal (6H-SiC). This alternative approach, compared toab
initio ones, is based on semiempirical molecular methods
the treatments of the electronic interactions and vibratio
states of the clusters. In the calculation of PL and vibratio

FIG. 5. Experimental Raman spectra evidencing broad PL sig
from the as-formed SiC samples:~a! SiC229,~b! SiC241, and~c!
SiC238. The weighting factors are@1/10 ~a!, 1 ~b!, and 1~c!#.

FIG. 6. Experimental Raman spectra of SiC238 sample sub
ted to different annealing temperatures under argon atmospher~a!
as formed,~b! 1200 °C, and~c! 1400 °C.
15531
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properties, the cluster size is chosen such that the main
tures of the bulklike spectra~absorption, vibration! be cor-
rectly reproduced.23 Clusters with 114 atoms were found re
evant for this purpose. However, the central problem lies
the cluster terminating bonds. Their truncation modifies
optical band gap and alters the optical response. In our
proach, terminating carbon atoms were bonded to ensure
saturation of the cluster shell. This procedure is supported
the physical organization of SiC nanoparticles probed
TEM, where the excess of carbon tends to be located at
outermost particle surface as thin layers.9 Moreover, the con-
vergence problem is satisfactory realized in the course
computation processes. The internal part of the clusters
fers from the ideal cubic and hexagonal structure by an
troduction of defects such as vacancies~Si, C! or by allowing
a full geometry optimization of all the bonds giving rise to a
amorphous arrangement. In this simulation part, the cluste
treated as a large molecule for which vibronic and electro
states are determined by quantum chemical codes. It is b
on the self-consistent restricted and unrestricted Har
Fock method within semi-empirical PM3 model.21,22A con-
vergence is achieved when the difference between energi
iterations (i 11) and~i! is less than 1026 eV with typically
required 500 iterations. The geometry optimization of t
external carbon bonds is performed by using the molec
mechanic force field method~AMBER!.20–22

For the emission process, a transition between the e
tronic cluster states (uc j&→uck&) gives rise to a radiation
that is characterized by a single spectral line at the freque
v jk . The spectral line, per unit source volume and per so
angle unit, reads as follows:

I jk~v jk!;
4v jk

4

3p3c3 u~m! jku2, ~1!

wherem jk5^c j u¹r̄ uck& represents the dipole momentum e
ement within the dipolar approximation, andc the light ce-
lerity. The photoluminescence spectrum is described by

I PL~v!;(
j 51

n
~( i 5x,y,zu^C0u¹ruC j&u2!

~v2vexj 20!21S G

2 D 2

1 (
j 5 i ,k, j

n
~( i 5x,y,zu^C j u¹ruCk&u!

~v2vexj -exk
!21S G

2 D 2 ,

where we have taken into account the finite lifetime~;1/G!
of the emission processes with a lorentzian shape for e
spectral line.vexj 20 is the frequency difference between th

exited~j! and ground~0! states whilevexj 2exk
represents the

frequency difference between two excited~j! and~k! states.n
andv symbols, respectively, represent the number of exc
states and the excitation radiation frequency. The second
deals with the dipolar transitions between the excited sta

al

it-
7-4
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According to the approach developed in molecu
systems,24 dipole momentum elementsm jk were taken as dif-
ferences between dipole momentum elements forj and k
states as follows:

I PL~v!;(
j 51

n ~( i 5x,y,z~mexi j2m i0!2!

~v2vexj 20!21S G

2 D 2

1 (
j 51,k, j

n ~( i 5x,y,z~mexi j2mexi k!
2!

~v2vexj -exi
!21S G

2 D 2 .

Such an analytical expression allows a straightforward ev
ation of the PL spectra in this cluster approach. Furtherm
due to the electron-phonon interactions which contribute
the emission process by phonon-assisted transitions,
above expression is modified to take into account the vib
tion states. In that case, the dipole momentum matrix
ments include both electronic and vibrational parts. Ho
ever, with respect to the Franck-Condon rule, only the dip
momentum elements for the final transition states are
fected by the vibrational contribution. In this framework, t
expression

I PL~v!;(
j 51

n

(
l 51

m ~( i 5x,y,z~mexi j2m i0•mV l !
2!

@v2~vexj 206vV l !#
21S G

2 D 2

1 (
j 51,k, j

n

(
l 51

m ~( i 5x,y,z~mexi j2mexi k•mV i l !
2!

@v2~vexj 2exk
6vV l !#

21S G

2 D 2 ,

where mV is the dipole momentum element for the vibr
tional states~l! with energies\vV l , is used for an evaluation
of the PL response from different cluster configurations.

B. Photoluminescence calculations

In a first step, the numerical procedures were perform
on clusters with ideal cubic and hexagonal structures.
main goal lies in the relevance of the used approach to
produce quantitatively the intrinsic PL spectra, which ch
acterize the bulk SiC. Figure 7~a! shows the calculated PL
bands for 3C-SiC and 6H-SiC clusters under an excitatio
line about 337 nm. The emissions bands, centered at 410
380 nm, correspond to pseudo-optical gaps of about 3.02
3.26 eV respectively. These values differ from the bulkli
values 2.2 eV in 3C-SiC and 3.0 eV in 6H-SiC.25 The blue-
shift of the calculated PL lines in 3C-SiC compared to the
bulklike gap can be accounted by the confinement effe
due to the small cluster size~1.5 nm for a cluster diameter!.
However, in a hexagonal-like cluster, the blueshift~;200
meV! is lower than the one reported from cathod
luminescence~CL! experiments in porousp-type 6H-SiC
nanocrystallites.26 In this case, the occurrence of a CL pe
is found at 3.7 eV, i.e., a blueshift of about 700 meV. T
difference is thought to be mainly accounted by the el
15531
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tronic active centers due top doping. The latter are able to
drastically modify the electronic structure of small nanocry
tallites where quantum confinement effects occur.

The PL spectra calculated for an excitation radiation
the range 460 nm,lexc,520 nm, for an amorphous SiC
cluster, a carbon cluster, and a defected SiC cluster, by S
bonds, are summarized in Fig. 7~b!. The last configuration
reflects the oxidation effects. It is realized by SiC cluste
with a fixed geometry~as in bulklike cubic or hexagona
structures! that contain~-Si-O-! bonds resulting from oxygen
substitution. All the considered configurations give rise
visible photoluminescence bands centered on red wa
lengths. A superposition of the theoretical spectra with
propriate weighting factors and linewidths makes it possi
to explain the set of PL phenomena in the np-SiC~Figs.
4–6!, as summarized below.

First, from SiC clusters with Si-O bonds, the calculat
PL spectrum exhibits a main peak centered at 600 nm@Fig.
7~b!#. This account of the experimental enhancement of
band in this spectral range with increasing oxidation te
peratures~Fig. 4!.

FIG. 7. ~a! Theoretical PL spectra under excitation at 337 nm
crystalline SiC clusters: 3C-SiC, full line, 6H-SiC, dashed line.~b!
Theoretical PL spectra of SiC clusters with different structures
defects: amorphous structure, full line;b-SiC; with Si-O bonds;
dashed line; and a carbon cluster, line with squares. The excita
line has a wavelength in the range 460 nm,lexc,520 nm.
7-5
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On the other hand, from the structural investigatio
~XRD, NMR!, it was shown that amorphous SiC is involve
in the np-SiC of SiC238 and SiC241 samples as well
between the nc-SiC in the SiC229 sample. The perform
simulation for an amorphous cluster leads to a main con
bution to the PL response by the band centered at 650
The latter is smoothly resolved on the experimental spe
related to the as-formed SiC229~Fig. 4!, SiC238, and
SiC241~Figs. 5 and 6!.

Finally, PL calculations for carbon clusters or for S
clusters with Si-O bonds contribute to the PL signal in t
high-wavelength range@Fig. 7~b!#. These configurations
originate from the oxidized cluster and from an amorpho
slike carbon cluster where bothsp2 and sp3 bonding are
involved. The latter is justified from the excess of carbon
SiC nanopowders arranged both as isolated grains and as
turbostratic layers at the outermost particle surfaces9 as well.
The performed PL calculations account for the experime
PL signal shoulder in the spectral range around the abso
wavelength 700 nm, i.e., 6000 cm21 from Figs. 5 and 6. This
assignment is supported by the annealing of the SiC238
SiC229 nanopowders at 1400 °C under argon, which fav
the occurrence of a better crystalline order of SiC and
removal of carbon content. A smearing of the experimen
high wavelength PL shoulder is realized both by the ann
ing under argon of the SiC238@Fig. 6~c!# sample, and in the
oxidized SiC229 sample@Figs. 4~b! and 4~c!# as well.

IV. DISCUSSION

The photoluminescence phenomena from SiC nano
ticles are investigated after annealing and oxidation tre
ments. This allows us to act on the particle structure, carb
and defect contents. The investigated samples put in ligh
main role played by the different parameters on the PL
sponses. The oxidation effect is evidenced by the invest
tions of the SiC229 samples. An increase of the PL efficie
and its blueshift are induced by an increase of the oxida
temperature. Surface defect states are revealed by IR~Fig. 3!
through the formation of~Si-Si! and ~Si-O! bonds. The PL
simulations in the SiC cluster with oxygen substitution a
count for the experimental results. Indeed, as shown in
7~b!, the calculated PL signal is consistent with the net b
shift of the experimental PL spectrum in the oxidized sam
at 970 °C. Furthermore, the creation of defected bonds w
the oxidation, is not accompanied by the appearance of
tive electronic defects such as dangling bonds. Indeed, E
measurements in the as-formed nanopowders show a
concentration (Ns) of unpaired electrons~Table I!, which
undergoes a drastic reduction with the oxidation. The po
bility of fast radiative recombination of the unpaired ele
trons with defect states induced by oxidation can contribu
to enhance the PL response. However, the decrease o
effective concentrationNs is understood only if the recom
bination process have characteristic times at least one o
of magnitude lower than the time constantt;0.1 ns of
X-band EPR experiments. Such short recombination tim
are no longer involved in SiC structures.6,27,28So the oxida-
tion seems to induce a curing of the electronic active defe
15531
s

s
d
i-
m.
ra

-

hin

al
te

nd
rs
e
l
l-

r-
t-
n,
he
-

a-
y
n

-
g.
e
e
th
c-
R

gh

i-

s
the

er

s

s.

We emphasize that the observed visible PL in SiC nanos
powders cannot be accounted by the material defects, at
the paramagnetic ones probed by EPR.

A second parameter able to act on the PL responses is
carbon excess evidenced from the Raman signature co
sponding to thesp3 or sp2 bonding~Figs. 4–6! in the spec-
tral range~1350–1650 cm21!. However, no correlation be
tween the Raman intensity of the carbon bands and the
intensity is observed. This infers that the free carbon arran
ment or the carbon associated with the np-SiC did not c
tribute critically to the luminescence efficiency in these S
nanopowders.

The particle size effect is analyzed through the inve
gated batches SiC229, SiC238, or SiC241, where the ave
particle diameter is 10 nm for the former sample and 25
for the two last samples. Although the PL phenomena
SiC229 are more important than in the samples with lar
sizes, the difference cannot be attributed to size effects al
Indeed, the samples SiC238 and SiC241, which have sim
particle sizes, give rise to different PL responses. These
sults suggest that the main relevant parameter that mon
the visible PL comes from the fraction of amorphous stru
ture involved in the SiC nanoparticles. The higher this fra
tion is ~as in SiC229! the higher the PL signal is. This i
evidenced by the study of SiC238 samples~Fig. 6! submitted
to annealing under argon at temperature low enough to
serve the average particle size but high enough to impr
the crystalline structure. Such a treatment leads to a dra
decrease of the PL intensity. We may conclude that the or
of the visible PL lies in the amorphous fraction of the S
nanoparticles and the heterogeneous composition of the
face through the oxygen location. This later effect is thou
to induce a reconstruction of SiC at the outermost part
surfaces and finally act as an amorphous structure. Indee
simple estimation of the pseudo-band-gap from SiC clus
with Si-O bonds gives 1.46–1.55 eV, i.e., fairly close to 1.
eV as determined from an amorphous cluster.

V. CONCLUSION

The visible PL of SiC nanopowders is investigated vers
the particle size, composition, and annealing and oxida
treatments. In these experiments, the excitation radia
~514-nm wavelength!, chosen well below the SiC crystallin
optical gap of hexagonal SiC, was found appropriate to po
out the main relevant structural and chemical parameter
the emission phenomena. Thus the PL responses, which
sist of intense red emissions, are mainly governed by the
amorphous fractions of nanopowders and by the occurre
of Si-O bonds consecutive to the oxidation. The develop
model for PL simulations by quantum-chemical codes
based on clusters with a convenient size, different geome
and defected bonds. PL bands are calculated in different c
figurations including amorphous clusters and those with o
gen location in SiC sites which account for oxidation effec
The assignment of the features of these PL spectra i
agreement with the experimental structural and composi
peculiarities.
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