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Photoluminescence properties of silicon nanocrystals as a function of their size
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We present results on the photoluminescence~PL! properties of silicon nanocrystals as a function of their
size. The nanocrystals are synthesized by laser pyrolysis of silane in a gas flow reactor and deposited at low
energy on a substrate after a mechanical velocity and size selection. Both the photoluminescence spectroscopy
and yield have been studied as well as the effect of aging of the samples in air. The measurements show that
the PL of the silicon nanocrystallites follows the quantum confinement model very closely. The apparent PL
yields are rather high~up to 18%!. From evaluation of the size distribution obtained by atomic force micros-
copy it is concluded that the intrinsic PL yield of the nanocrystals can reach almost 100%. These results
enabled us to develop a simple theoretical model to describe the PL of silicon nanocrystals. This model can
also explain the changes of PL with aging of the sample, just by invoking a decrease of the size of the
crystalline core as a result of oxidation.
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I. INTRODUCTION

The study of silicon nanostructures is a very active fi
of research because of the strong room-temperature pho
minescence~PL! and the observation of quantum size e
fects. A bright red PL was first observed for porous Si.1 It
was explained by a widening of the band gap as a resu
quantum confinement, thus shifting the PL into the visib
for crystallite sizes below 5 nm~for a review, see Refs. 2 an
3!. The small volume of these nanocrystals is also resp
sible for efficient radiative recombination4,5 since the spatia
confinement by potential barriers prevents the diffusion
carriers to nonradiative recombination centers. This quan
confinement model for porous silicon is usually accept
although the details of the recombination mechanism are
under debate.6

On the experimental side, the limitation comes from t
difficulty of deriving a correct size distribution of the S
nanocrystals present in porous silicon.7–9 Thus, it is difficult
to assess the validity of the quantum confinement mo
Several different techniques are under development to
duce Si nanostructures with control of the nanocrystal s
high-dose Si implantation in SiO2,

10,11 sputter deposition,12

laser ablation,13,14 and plasma-enhanced chemical vap
deposition of substoichiometric silicon oxide.15

Another elegant solution is to use the low-energy clus
beam deposition~LECBD! method.16 Thanks to the improve-
ments made in the field of cluster beams, it is now poss
to deposit covalently bound clusters on a substrate while t
retain their gas phase properties. Nanoscale silicon clus
can be produced in the gas phase and their size distribu
can be measured.17 So the size distributions determined b
time-of-flight mass spectrometry can in principle be co
PRB 620163-1829/2000/62~23!/15942~10!/$15.00
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served on the substrate and the photoluminescence prope
can be determined as a function of the size of the Si na
crystallites.

Recently, it has been proved that CO2 laser pyrolysis of
silane is a versatile source for silicon clusters a
nanocrystals17 that is particularly well adapted to the forma
tion of Si nanocrystals~nc-Si! with sizes in the range of a
few nanometers, where the PL properties are known to
optimal. In the supersonic beam extracted from this sou
the velocities of the clusters are size dependent.18 Conse-
quently, a mechanical selection with a time-of-flight chopp
can be used to produce a low-energy beam of size-sele
neutral silicon clusters. The elaboration of this technique r
resents a major breakthrough in preparing a cluster mo
system, well controllable and reproducible. Thus, we
defined thin films of size-selected nc-Si can be formed o
substrate by LECBD.

It has been shown previously that such deposits of
nanoclusters exhibit strong photoluminescence in the
when their sizes are in the range between 3 and 5 nm,17 and
that the PL energy shifts to larger wavelengths when
mean size increases. We present here an extended stu
the size effects on the PL properties of such films, with
aim of addressing the issue of quantum confinement as
explanation for the PL characteristics of silicon nanostr
tures. We have studied several samples with varying m
size and size distribution. The samples were characterize
different techniques including infrared spectroscopy a
atomic force microscopy~AFM!. We also studied the effec
of aging of the samples in context with their progress
oxidation in ambient air.

Our primary objective was to understand an astrophys
spectroscopic feature, named extended red emission~ERE!
15 942 ©2000 The American Physical Society
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TABLE I. Characteristic parameters and PL properties of the different nc-Si samples studied.

Sample
identifier

Average
size ~nm!

Width of size
distribution ~nm!

PL maximum
~nm!

PL maximum
~eV!

PL width
~nm!

Measured
efficiency ~%!

Corrected
efficiency ~%!

A 3.44 1.02 680 1.82 190 9 105
B 3.46 0.63 610 2.03 165 2 17
C 3.88 0.61 710 1.75 155 15 109
D 4.05 0.62 750 1.65 150 >6 >39
E 4.45 0.78 800 1.55 145 18 102

K 2.8 0.86 635 1.95 115 >1 >3
L 3.2 1.08 725 1.71 145 8 95
M 3.6 1.16 ;860a ;1.44a ;170a ;10a ;100
N 4.8 1.16 >900a <1.35a ;200a ;0.25a ;1

aValues derived from Gaussian fits to the experimental data.
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and attributed to the photoluminescence of an interste
dust component. It manifests itself in a 120–190 nm bro
emission band, with a maximum occurring at waveleng
between 600 and 850 nm depending on the source obse
and a high photon conversion efficiency19 ~>10%!. We have
found a striking analogy between the PL behavior of silic
nanocrystals and the characteristics observed for the E
bands.20 To back up this model and to make compariso
with astronomical observations we have to know the
spectrum of such nanoparticles as a function of their size
well as their absolute PL efficiencies. The quantum yield
the PL of Si nanocrystals is larger by several orders of m
nitude than that of bulk silicon. So, starting from nc-Si, it
expected that the PL yield will decrease when one goe
larger sizes. On the other hand, the very small particles
expected to be less efficient due to the increasing role of
surface; but these size effects are not well known. In spite
the difficulties inherent in absolute yield measurements,
have paid particular attention to the experimental setup
order to measure the quantum yield as precisely as poss
to determine the range of sizes where the yield is the high
and to study its variation on either side. As will be discuss
in another publication,21 the results presented here allow
to successfully model the ERE observations made in dif
ent astrophysical environments. Moreover, they give us v
able insight into the fundamental process of the photolu
nescence of Si nanocrystals, which will be the subject of
paper.

The paper is organized as follows. In Sec. II we pres
the techniques applied to produce the films and to determ
their size distributions and describe the apparatus use
carry out the PL and quantum yield measurements. Sec
III will be devoted to the presentation of the results obtain
on the PL spectroscopy, the PL quantum yield, and the ef
of sample aging on the PL properties. In the last section
will discuss the results in the framework of the quantu
confinement model.

II. EXPERIMENT

The samples studied in this work were synthesized at
Max-Planck-Institut fu¨r Strömungsforschung employing CO2
laser pyrolysis of silane in a gas flow reactor. Since a co
plete description of the apparatus has been prese
r
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earlier18,22,23 only the general principles of the experime
will be recalled here. A conical nozzle is placed near t
pyrolysis ‘‘flame’’ and extracts the clusters and nanopartic
from the flow reactor. They are skimmed into a low-press
vacuum chamber and form a ‘‘molecular beam’’ of noninte
acting clusters. In this molecular beam, the cluster velocit
mass dependent; the smaller the particles, the faster they
Therefore, thanks to a rotating chopper synchronized w
the pulsed pyrolysis laser, the size distribution of the clust
can be significantly narrowed. The clusters are then dep
ited on a substrate for further studies. The translational
ergy of the clusters is rather low~less than 0.4 eV per atom
for a 4 nm particle, corresponding to roughly 10% of th
binding energy! so that we are working under the condition
of LECBD where the deposition does not alter the proper
of the gas phase clusters.16

The size distribution of the clusters is determinedin situ
by time-of-flight mass spectrometry~TOFMS!. Without fur-
ther size selection, the typical size distributions are lo
normal with average sizes varying from 3 to 6 nm~depend-
ing on the conditions in the flow reactor! and a full width at
half maximum~FWHM! of around 2 nm. The chopper a
lows one to obtain size distributions as narrow as 0.6
~FWHM! and with a most probable size between 2.8 an
nm. The characteristics of the two sets of samples stud
here are summarized in Table I. For all samples, we used
mm slit in the chopper disk that was rotated at a frequency
400 Hz, except for sample A where a 3 mmslit and a lower
frequency~200 Hz! were used, in order to obtain a broad
distribution. The beam of nanoclusters was shaped b
1-mm-wide and 10-mm-high aperture before the partic
were deposited on the substrate. Two sets of samples w
prepared. The first one~samples A–E! was deposited on a
KBr substrate while the second one~samples K–N!, which
was synthesized and characterized later, was deposite
fused quartz substrates. There does not seem to be any
ence of the substrate on the PL properties since the clus
are loosely bonded to it.

Because a precise knowledge of the size distribution
the deposited clusters is required, we have made every e
to control it. In the size-selective mode, the beam fluenc
rather low and the deposition times are typically in the ran
of several hours. Therefore, regular control of the TOF d
tribution is performed during the deposition.
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For the second set of samples, additional studies
atomic force microscopy allowed anex situanalysis of the
size distribution. For this purpose, short deposits~10 s to 1
min! on mica substrates were performed, and AFM ima
were recorded in the tapping mode. Homogeneously dist
uted spherical nanoparticles without any agglomeration
apparent on these AFM images, a typical example of wh
is shown in Fig. 1. A simple numerical analysis, evaluati
the height of the nanoparticles, allows the determination
their size distribution. The result of this analysis is shown
Fig. 1 together with the size distribution measured
TOFMS during the preparation of the sample. The go
overall agreement with the TOFMS measurement confi
the absence of any modification induced by the deposit
However, some differences between the AFM and TOF
measurements are also clearly seen: the AFM size distr
tion seems broader and the AFM image shows a few la
particles between 7 and 30 nm which are not observed in
TOFMS measurement. The larger width of the AFM si
distribution is probably due to the difficulty of the AFM
image analysis because the substrate is not perfectly pla
The absence of the larger particles in the TOFMS distri
tion can be explained by the fact that the correspond
masses, ranging from 106 to 107 amu, are too high to be
detected by the channel plates. These big particles prob
come from the unchopped part of the beam or they are e
nating from the flow reactor and passing through the chop
slit at a later time. We have checked the first point by i
proving the shielding so as to prevent nonchopped parti
from reaching the substrate, and indeed the number of
particles decreased drastically~by a factor of 5!. In the fol-
lowing, only sample K was prepared in this ‘‘protected
mode; all other samples contain a certain quantity of p
ticles bigger than 10 nm, representing at most 10% of
total number of particles. As will be seen below, these
particles can play an important role in the PL yield of t
samples, and we will be led to correct our results with
spect to their presence.

Other deposits on holey carbon foil have been checked
high-resolution transmission electron microsco
~HRTEM!.24 With this technique, the particles appear as p

FIG. 1. Size distribution derived from a 636 mm2 AFM image
~in the inset! compared with the size distribution measured
TOFMS during sample preparation.
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crystalline silicon cores surrounded by an amorphous la
This layer is most probably made of SiOx since, in infrared
spectra, the Si-O band at 1080 cm21 is very strong.25,26It has
also been shown that the thickness of the amorphous l
increases with increasing size of the particles, always re
senting approximately 10% of the total diameter.24 The lat-
tice parameter also changes with the size of the nano
ticles, resulting in a small contraction for clusters larger th
3.3 nm or a small dilatation for smaller particles.24 The lat-
tice parameter varies by 4% in the size regime between 2
25 nm, and for a given size there is a dispersion of the lat
parameter of about 2%.

In order to determine both the PL spectroscopy and
quantum yield of our nc-Si samples, a dedicated experim
tal setup has been built at the CEA in Saclay. The fou
harmonic~266 nm! of a Nd:YAG ~yttrium aluminum garnet!
laser is used as the exciting source. The beam is first filte
by a set of UG11 filters to eliminate the second harmo
~532 nm! and the fundamental. A beam splitter reflects p
of the beam~;8%! to a control diode which monitors th
variations of the incident power. The laser beam is focu
by a lens of 300 mm focal length to a spot of 1 mm diame
on the sample, which is placed under vacuump
<1026 mbar). The PL is detected by a simple optical set
made of a lens, a monochromator, and a photomultiplier. T
lens is fixed in a 2f /2 f configuration with respect to the
sample and the entrance slit~2 mm wide! of the monochro-
mator. The entire image of the laser spot on the sample~1
mm diameter! is directed into the monochromator. A me
surement of the transmission of the laser radiation at 266
by the samples is systematically performed by mounting
sample in front of the photodiode.

The absolute response of the detection system was d
mined by means of a tungsten ribbon lamp so that all m
surements could be corrected for the wavelength-depen
detection efficiency as well as for the detectivity of th
apparatus.27 This calibration was confirmed by measuring t
PL of a standard sample, namely, rhodamine 6G dye dilu
in ethanol, which is known to have a PL yield of 95%.28,29

Samples of independently well-characterized30 porous Si
were used for a cross check. The calibration was regul
checked using these PL standards.

In order to avoid nonlinear effects,31–34 all PL measure-
ments were made at very low incident laser energy~less than
1 mJ/cm2!. Additional experiments at higher fluence that w
be reported elsewhere35 have shown that, below this fluenc
nonlinear effects are absent. However, it should be noted
the use of such low laser intensity in combination with ve
thin films makes the PL spectra sometimes very noisy,
spite of the high PL yields of the samples.

III. RESULTS

A. Photoluminescence spectroscopy

Figures 2 and 3 report the PL spectra of the differe
samples studied together with their size distributions as m
sured by TOFMS. The maximum positions and the ba
widths are reported in Table I. It is noted that the PL
strongly dependent on the size distribution. The PL pe
shifts to the blue when the average size of the nanoparti
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becomes smaller. A change of the average size from 4.8
~sample N! to 2.8 nm~sample K! results in a shift of the peak
wavelength from a value above 900 to 610 nm. The PL sp
tra have almost Gaussian profiles with a width varying fro
115 to almost 200 nm. Broader PL spectra were found
deposits where the size distribution was also broa
~samples A and L!.

In Fig. 4 we report PL spectra taken from a single sam
~sample A! but at different lateral positions in thex direction.
It appears that the PL is shifted continuously with the d
placement of the analyzed position. This phenomenon is
served for all samples but it is most pronounced for t
sample because the chopper was operated at a lower
quency~200 Hz! and the disk had a larger slit~3 mm!. The
small sketch given in the inset of Fig. 4 illustrates how t
size selection may lead to an inhomogeneous size distr
tion within a given sample. The transmission function of o
chopper with 3 mm slit running at 200 Hz and a 1-mm-wi
aperture behind the rotating disk is an isosceles trape
with a basis of 58ms, while the time needed to open or clo
the 1-mm-wide slit aperture is 14.5ms. As long as the slit is
fully open, the particles will be deposited homogeneously
the substrate as far as the particle size is concerned. Du
the preparation of sample A, the delay between chopper
CO2 laser was such that the chopper just began to close
aperture when the first particles of the cluster pulse arriv
Therefore, while the slit was closed by the clockwis
rotating chopper disk, continually larger particles were d

FIG. 2. Size distributions as determined by TOFMS~upper
panel! and normalized photoluminescence spectra~lower panel! for
the first set of samples studied.
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posited on a continually narrower strip located at the rig
edge of the deposited film. Whereas the smaller particles
found on the entire film, the larger nanoparticles are enco
tered only on the right side as is illustrated in the inset of F
4. Therefore, going along the sample from left to right, w
expect a shift of the PL curves from smaller to larger wav
lengths, which is exactly what we observe. It follows that t
variation of the PL as a function of the position on th
sample can be attributed to the size effect. This point will
discussed in more detail in Sec. IV. We have also studied
PL as a function of they position on the sample. By moving
over 5 mm we see a displacement of less than 20 nm of
PL peak. This has to be compared to the almost 100
displacement of the peak in thex direction for a displace-
ment of 1 mm. At the same time the intensity varies by le
than a factor of 2. This indicates that, in they direction, the
film is homogeneous.

Figure 5 presents three PL spectra measured at diffe
excitation wavelengths on a commercial Jobin-Yvon sp
trofluorimeter. These measurements were obtained for
older sample characterized by an average particle size
3.92 nm.17 With increasing excitation wavelength, the pos
tion of the maximum of PL remains unchanged whereas
intensity drops significantly. The lower part of the figu
shows the excitation spectrum measured at the PL p
wavelength~740 nm!. For comparison, this is drawn togeth
with the absorption spectra of two samples of porous silic

FIG. 3. Size distributions as determined by TOFMS~upper
panel! and normalized photoluminescence spectra~lower panel! for
the second set of samples studied. For samples M and N the G
ian fits have been included~thin lines!.
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taken from the literature.36 Note the very similar spectra
behavior between absorption and excitation curves.

B. Photoluminescence efficiency

Photoluminescence yields have been measured for
samples. They were determined according to the calibra
procedure described in Sec. II. Integration of the calibra
PL signal is performed over the entire wavelength ran
where PL occurs. For the samples M and N, for which o
a limited part of the PL peak could be recorded, the integ
tion is made using the Gaussian fit, and thus the yield va
must be used carefully. The results are then related to
number of absorbed UV photons deduced from the ab
bance measurement of each sample at 266 nm. This give
apparent PL yields reported in the seventh column of Tab
It should be emphasized that the values must be consid
as rather high, ranging from 0.25% to 18%. For two samp
~D and K! the films were so thin that the absorption was t
low to be accurately determined. Thus, the values repo
for these samples represent only a lower limit.

As explained in Sec. II, AFM analysis of our depos
revealed that about 10% of the particles present on
samples were larger than 10 nm. These big particles do
contribute to the PL~at least not in this wavelength range!;
but they absorb a substantial portion of the exciting lig
since their cross section can be a hundred times larger, f
varies with the cube of the radius. Using the AFM results,
have estimated their contribution to the measured absorb
of the samples. Subtracting this large-particle contributi
we obtain lower absorbance and, consequently, hig
yields. The corrected yield values are reported in the
column of Table I.

The highest PL efficiencies, reaching nearly 100%,
observed for samples with nanoparticle sizes in the ra
between 3.2 and 4.5 nm. For sample N (d54.8 nm) the yield
decreases to 1%. Although this value has been determ
using the Gaussian fit, we believe that the possible e

FIG. 4. Photoluminescence spectra obtained at differentx posi-
tions on sample A. Going from the left to the right, the PL curv
shift to larger wavelengths. Their peak positions are indicated ab
the curves. The sketch on the left illustrates the fact tha
clockwise-rotating chopper produces a film with larger partic
concentrated on the right-hand side of the deposit.
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cannot correspond to two orders of magnitude. For the sm
est cluster size~sample K!, the results are also problemat
since the absorption could not be accurately determined.
nally, sample B has a peculiar behavior that will be discus
in more detail in Sec. IV.

C. Aging effects

When the silicon nanoparticles are taken out of the s
thesis apparatus they do not immediately show photolu
nescence upon illumination with a UV lamp emitting at 2
nm; at least the PL is not observed with the naked eye
takes from a few hours to a few days until the luminesce
becomes clearly visible. This effect is correlated with t
progressive oxidation of the surface, leading to the pass
tion of the dangling bonds that are expected to play the r
of nonradiative recombination centers. Indeed, it has b
shown in a previous publication26 that the IR bands assoc
ated with Si-O bonds increase with time for these samp
The first set of samples was checked just after preparatio
another PL experiment carried out in Toulouse, then a
approximately one month in Saclay, and finally eight mon
after preparation again in Toulouse. Table II reports
maxima of the PL curves for these different experiments.
Fig. 6 we display the PL spectra measured in Toulouse
two samples~B and D! of the first series as well as the resu
obtained in Saclay for two samples~K and L! of the second
series, just after preparation and two months later. B
Table II and Fig. 6 clearly reveal that, with time, the P

ve
a
s

FIG. 5. Top panel: PL spectra obtained for different excitati
wavelengths. The small structures appearing at 700, 840, and
890 to 1000 nm are badly filtered lines of the Xe lamp used
these measurements. Bottom panel: Excitation spectrum o
sample of Si nanoparticles in comparison with the absorption sp
tra of two porous silicon samples~Ref. 36!.
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shifts systematically to the blue. Depending on the sam
and the aging, this blueshift amounts to 30–60 nm. T
samples of the first series were checked again after
months and essentially the same results were obtaine
after eight months, i.e., no further shift was observed.

IV. DISCUSSION

In this section, we will discuss the experimental results
terms of size effects in the framework of the quantum c
finement model. In this theory, the PL energy is blueshif
with respect to the band gap of bulk silicon (E051.17 eV)
and obeys a power law with an exponent equal to21.39 for
the particle diameterd measured in nanometers:37

EPL~d!5E01
3.73

d1.39. ~1!

In Fig. 7, the peak energies of the measured PL spectra
plotted as a function of the most probable particle size
compared with the theoretical calculations of the exciton
ergy by Delerue, Allan, and Lannoo.37 It is clearly seen that
the experimental results follow the general trend of the t
oretical law. The scatter of the experimental data could or
nate from the following effects.

~i! Only the most probable size of the particles has b
considered here. The particles have a size distribution~with a
full width at half maximum between 0.6 and 1.2 nm! that

TABLE II. Evolution of the PL peak position~in eV! with time
as measured for the five samples of the first series. The last
gives the estimated proportion of the oxide thickness compare
the total size of the oxidized particle as observed in the final st
~see Sec. IV!.

Sample A B C D E

Shortly after production 1.74 1.84 1.74 1.62 1.5
2–5 months after preparation 1.82 2.03 1.75 1.65 1.5
8 months after preparation 1.88 2.03 1.83 1.73 1.7
Derived oxide thickness~%! 11 12 8 11 16

FIG. 6. PL spectra for four nanocrystalline Si samples~B, D, K,
and L! measured shortly after production~dotted curves! and eight
months~samples B and D! or two months~samples K and L! later
~solid curves!. For sample K, we have plotted the fit results inste
of the original data.
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should be taken into account because the absorbance
creases with increasing size. Consideration of this effec
expected to shift the data points to larger sizes.

~ii ! The sensitivity of the TOFMS is not really constan
and in particular, it decreases for larger particles. As
been noted before, very large particles are not detected
the TOFMS. A correction according to this effect should a
slightly shift the experimental data points to larger diamete

~iii ! The samples were checked for PL after different p
riods of time after the deposition. As has been repor
above, due to progressive oxidation, the PL shifts with ti
to the blue. To correct for this effect, the data points sho
be shifted to smaller diameters for the older samples.

~iv! It has been shown by Hofmeister, Huisken, a
Kohn24 that the lattice parameter of the crystalline core of
nanoparticles depends on the nature and structure of the
face layer which, in turn, is a function of the particle size.
contrast, the calculations of Delerue, Allan, and Lannoo37 are
based on the lattice parameter of bulk silicon.

In the following we would like to give a rough estimatio
of the lattice effect. According to Hofmeister, Huisken, a
Kohn,24 the change of spacing of the$111% lattice plane
fringes with respect to the bulk value (d$111%50.3134 nm)
can be written

Dd$111%5
0.023

d
20.0064~nm!, ~2!

where d is the size of the crystalline core in nanomete
Studies of the PL of porous silicon under high pressur38

show a shift of the PL to the red with increasing pressure
these experiments, the PL varies with pressure in a roug
linear relationship with a proportionality factorf 54
31022 eV/GPa. Then from the compressibility of Si@k
50.01 GPa21 ~Ref. 39!#, we can derive the expected dis
placementDE of the PL energy as a function of the chan
in lattice parameterDa/a, which is equal toDd$111% /d$111% :

DE5
f

k
3

Da

a
. ~3!

ne
to
e

FIG. 7. Position of the PL maximum as a function of the size
the Si nanoclusters determined by TOFMS. For the data of
present work we have used filled symbols~squares for the first and
diamonds for the second series! whereas the results of an earlier P
study ~Ref. 17! are plotted as open circles. The dashed curve r
resents the theoretical results of Delerue, Allan, and Lannoo~Ref.
37!, whereas the dotted curve includes the correction due to
lattice variation according to Eq.~4!.
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The combination of Eqs.~1!, ~2!, and ~3! leads to a new
relation giving the position of the maximum of the PL as
function of the size of the nanocrystals:

EPL
corr5E01

3.73

d1.391
0.881

d
20.245. ~4!

This relation, which represents an approximation of the
pected effect of the lattice-parameter changes on the PL
function of the size, is plotted in Fig. 7 as the dotted curve
seems that this curve gives a slightly better agreement
the measurements, but due to the scatter of the data
difficult to draw any conclusion.

Consideration of the variation of the PL within a give
sample may be better suited to compare theory and exp
ment. It was shown in Fig. 4 that this variation may be rat
pronounced. In total, a shift of the PL maximum of over 1
nm was observed. As discussed in Sec. III A, the shapin
the Si cluster pulse by the chopper and following apert
may lead to an inhomogeneous size distribution across
deposited film. Within the given bandwidth transmitted
the chopper, the smaller particles are encountered on the
part of the deposit while the larger particles are concentra
on the right side. Since the closing time was 14.5ms the
particles deposited on the right edge of the 1-mm-wide fi
were slower byDv5s/t02s/(t0114.5) compared to thos
that were deposited at timet0 when the chopper just starte
to close the aperture~s is the distance between the nozzle
the cluster source and the chopper!. In an earlier
publication,18 we established a correlation between the
locity of the Si nanoparticles and their size. This depende
can be parametrized by

v5a log10n1b ~m/s! ~5!

with a52311 andb52631. The numbern of Si atoms con-
stituting the nanoparticle is related to its diameterd by

n526.2d3. ~6!

With these relations, the small difference in deposition ti
can be translated into a difference in particle size. Now, t
ing the average particle size measured by TOFMS as the
that was deposited on the middle of the strip, the entire s
distribution across the film can easily be calculated. T
largest size, which was deposited on the right edge of
film, is calculated to bed53.88 nm while the smallest siz
~distributed over the entire film! is d52.86 nm. It is interest-
ing to note that this calculated size variation compares v
well with the full width at half maximum~1 nm! measured
with the TOFMS~see Table I!.

Figure 8 shows the PL maximum as a function of parti
size as measured for different positions on sample A~solid
squares!. Now the agreement between the theoretical res
of Delerue, Allan, and Lannoo37 and the measured data ca
be regarded as very good. Note that the agreement with
corrected model is also good in this range of particle sizes
similar study was carried out for sample C, which was p
duced with the fast-spinning chopper~400 Hz!. Here the
opening or closing time was only 7.25ms, and, correspond
ingly, the size dispersion was onlyDd54.0023.56
50.44 nm. The results, shown in Fig. 8 by the open circl
are again in very good agreement with theory. It should
-
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pointed out that the experimental data points are much
scattered than was the case in Fig. 7. This is ascribed to
fact that all data points were measured on the same sam
and all the Si nanoparticles have had the same history~same
conditions of synthesis as well as same kind and degre
surface passivation in air!, the only difference being thei
size. So indeed this measurement is much better suited
comparison with theory than a collection of measurement
different nc-Si samples, each of which may have a differ
history.

The PL spectra obtained for different excitation wav
lengths show that the spectral variation of the PL is alm
independent of the excitation energy, provided it is high
than the band gap of the material~see Fig. 5!. In addition, the
PL excitation spectrum compares very well with the repor
absorption spectra for porous silicon~see Fig. 5!.36 These
results show that the PL is well correlated with the abso
tion of light by the core of the crystallites.

If one now takes a closer look at the efficiency resu
~Table I!, it can be seen that the corrected efficiencies
rather high for most of the samples, nearly 100%. O
samples B and N have significantly lower efficiencies. In t
case of sample B, it is interesting to point out that its PL
much bluer than expected from the size distribution. Th
the real size may be smaller than the measured one. It
lows that the correction due to the presence of big partic
would lead to a higher yield. The low yield observed f
sample N is consistent with a spatial-confinement mo
where the PL yield is expected to decrease with size beca
the probability of finding a defect in the crystallite increas
considerably.5 It is interesting to compare the yield value
found here with the results of Credo, Mason, and Buratto40

By studying single porous silicon nanoparticles, they fou
that a small portion~;3%! was luminescent with rather hig
yield ~;88%! while the remaining particles showed no me
surable PL, thus leading to a global yield of only 2.5% f
the porous silicon layer. In contrast, in our study, it see
that every small particle of the deposit is luminescent.

With the knowledge of the size distribution and the the
retical size dependence@Eq. ~1!# it is now possible to mode
the measured PL spectra. For one given sized, we assume a
PL spectrum described by a Gaussian instead of a Lor
zian. This assumption is justified because we are dea

FIG. 8. Position of the PL maximum as a function of the
nanocluster size at different lateral positions on sample A~filled
squares! and sample C~open circles!. The dashed line represen
the theoretical results of Delerue, Allan, and Lannoo~Ref. 37!.
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with a group of particles with a given number of atoms th
may have different shapes or even different lattice para
eters as was discussed before. With these consideration
PL of a set of nanocrystals with a given diameterd is

f d~E!5
1

wAp/2
e22@E2EPL~d!#2/w2

, ~7!

where we assume an intrinsic yield of photoluminescence
100%. This last statement seems reasonable in view of
results on the PL yield of our samples. The width~FWHM!
of the Gaussian isA2 ln 2w. If we denote byn(d) the size
distribution of the nanocrystals, the PL spectrumI (E) of one
sample is given by

I ~E!5aE
0

`

n~d!d3f d~E!dd, ~8!

wherea is the absorption coefficient at the laser waveleng
The factord3 takes into account the difference in absorpti
as a function of size. As we know that the absorption co
ficient at the excitation wavelength also changes with s
one should normally writea(d)d3 instead. However, since
the wavelength of the laser is in the UV, the changes ofa are
rather small and, on the other hand, the size distribution
one sample is sufficiently narrow so that we can neglect
effect and assumea to be the same for all sizes. The mod
calculations that have been carried out for all samples~A!–
~E! of the first series are shown in Fig. 9. It is seen that
theoretical and experimental spectra compare rather well
cept for sample B whose peculiar behavior has already b
discussed. As was stated before, in this model there is
one free parameter: the PL width for a given size. In orde
obtain a good fit to the experimental spectra, this width w
taken to be 0.25 eV in all calculations.

The width of 0.25 eV may appear rather broad. This h
value and the fact that it does not depend on the size see
point to an inhomogeneous broadening mechanism. In e

FIG. 9. Experimental PL curves~dotted lines! in comparison
with the model calculations~solid curves! based on the measure
size distributions for the first series.
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tron microscopy studies, Hofmeister, Huisken, and Koh24

showed that the$111% lattice plane fringes vary by 2% for a
given particle size between 2 and 25 nm. The variation of
lattice parameter~contraction for particles larger than 3.3 n
and dilatation for smaller particles! is attributed to the forces
exerted by the oxide layer. The dispersion could be due
the different degrees of surface passivation for different p
ticles. We have seen that the shift in PL with a change in
lattice parameter can be estimated according to Eq.~3!. A
change of 2% of the lattice parameter results in a PL shif
0.24 eV, which comes very near to the width used for o
simulations.

It should be mentioned that Yorikawa and Muramats41

employed very similar model calculations to reproduce
evolution of the PL peak maximum in porous silico
samples. However, they used the measured PL spectr
determine the two parameters of a log-normal size distri
tion. In contrast, we know the size distribution, and our on
free parameter is the width of the PL response for an
semble of Si particles with a given sized.

Finally, it has been shown in Fig. 6 and Table II that, wi
time, the PL of the samples is shifted to the blue. This eff
can also be understood as a size effect. With time, the o
layer on the particles grows, so the crystalline core sho
diminish and thus lead to a bluer PL. By using the relation
Eq. ~1!, we can deduce from the PL shift the change in t
nc-Si core volume before and after oxidation. Then we c
estimate the thickness of the oxide layer. However, to m
this estimation, we have to take into account the volume
the oxide, which is not the same as for pure silicon. Silic
oxides have densities varying from 2.13 to 2.65 g/cm3,42

close to the value of pure silicon~2.33 g/cm3!. The main
difference is due to the molecular weights: SiO has a m
lecular weight of 44, SiO2 of 60, and Si of 28. Because w
do not know exactly what kind of oxide is formed we wi
assume an average value, namely, 52. Then it follows
the volume containing the same number of Si atoms i
factor of 1.86 larger for silicon oxide than for crystallin
silicon. For the two-month-old samples of the second se
we obtain the result that the thickness of the oxide laye
6% of the total particle diameter. For the different samples
the first series the results of the calculation are reported
Table II. The oxide thickness is 8–16 % of the particle d
ameter after eight months of oxidation. From these resul
appears that the oxidation slows down, and our latest exp
ments have shown that, after eight months, the oxidatio
essentially stopped. HRTEM measurements have reve
that, in the final stage of oxidation, the thickness of the ox
layer represents 10% of the total particle diameter, for dia
eters in the range between 6 and 30 nm.24 The present data
derived from the PL spectra, give similar results but in t
range between 3 and 5 nm. This shows that the pre
evaluation is consistent with the more direct HRTEM ana
sis. It further confirms the statement that the oxidation
nc-Si particles is a self-limiting process because of the
crease of the interface curvature. The same self-limiting o
dation effect was reported earlier for silicon nanowires e
posed to an oxidizing atmosphere and to very h
temperatures.43
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V. CONCLUSIONS

We have measured the photoluminescence propertie
silicon nanocrystals as a function of their size. Our resu
can be well understood in the quantum confinement mo
since the experimental variation of the PL position is close
the theoretical behavior and since the internal PL yields
the nanocrystals are close to 100%. The PL shift with ag
of the samples under normal atmosphere is also consis
with this model. Surface oxidation is confirmed to be a se
limiting process in nc-Si particles.

Using the theoretical dependence of the PL energy on
size of the Si nanoparticles,37 we are in a position to predic
the optical response of a given nc-Si sample once the
distribution within the sample is known. With these simp
calculations, we were able to reproduce the measured
spectra and thus confirm the direct correlation between
distribution and spectral response. Furthermore, the resul
the present study can be used to successfully explain
astrophysical phenomenon of extended red emission. Ju
invoking different size distributions of Si nanoparticles wi
varying maximum position and width, it is possible to repr
duce any ERE observation known to date.21 Size effects and
their quantum confinement manifestations appear as a ke
explain a long-standing problem in astrophysics.

The present investigations have been carried out with
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