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Silicon nanopatrticles ranging from 2 to 16 nm were synthesized by a facile wet chemical route, in
which SiO amorphous powder was annealed at X@@&tched in hydrofluoric acid, and surface modified
by alkene. After alkyl-termination of the particle surfaces, size selective precipitation technique was
applied to separate the nanoparticles into uniform sized fractions. Transmission electron microscopy showed
well-dispersed and highly crystalline silicon nanopatrticles after the treatment by alkene. Visible room-
temperature photoluminescence in the range-8I nm was observed from these nanopatrticles. The
photoluminescence intensity has significantly been enhanced by the surface functionalization. Moreover,
the PL peak energy of the size-selected nanoparticles shifted to blue as the size decreased due to quantum
confinement effect. The experimental result was also compared with the theoretical predictions and was
found to follow the general trend of the model calculations.

Introduction stable covalent SiC bonds. For instance, Buriak and co-
workers reported on surface functionalization of PS with
alkenes and alkynes through Lewis acid-mediated or white
light-promoted reaction%:!* Bateman et al. presented the
covalent modification of PS by direct reaction with unsatur-
ated hydrocarbons in the absence of catdfBbukherroub

et al. modified PS surfaces with ethyl undecylenate to achieve
greatly enhanced PE.They also linked activated esters of
undecylenic acid covalently to a PS surface via a thermal
'hydrosilylation reactio? Surface functionalization of free-
standing Si nanoparticles produced by solution route has also
been explored recently. Korgel and co-workers developed a
new method to produce octanol-capped Si nanocrystals at a
supercritical high pressure and temperature and showed PL
emission near UV and green regithrilhey also investigated

the PL of single Si particles in the visible range from green
to red!® Kauzlarich and co-workers have reported a series
of paper$’~22 on synthesis of alkyl-capped Si nanopatrticles
Oby a solution route at room temperature in anaerobic and

Since the discovery of red light emission upon UV
excitation of porous silicon (PS) by Canham,great deal
of research has focused on preparing nanosized silicon with
visible photoluminescence (PL) as Si nanostructures have
the potential to be integrated within existing silicon technol-
ogy over other semiconductor nanocrystals. Due to the
relative easiness of producing PS by etching silicon wafers,
there have been many studies of optical properties of PS
but low efficiency and instability of the photoluminescence
from PS inhibit their further fundamental investigation and
commercial applications. The PL intensity of PS is mainly
limited by nonradiative carrier recombination on defects
produced during the etching procésand the poor PL
stability of PS is mainly owing to the generation of
nonradiative defects at the initially hydrogen-terminated
nanocrystalline Si surface upon oxidation during storage in
air. To enhance the PL intensity of PS, some oxidation
technigues such as electrochemical or thermal processin
have been attemptéd® Meanwhile, to enhance the red-band ~ (9) Buriak, J. M.; Allen, M. JJ. Am. Chem. Sod998 120, 1339.
luminescence stability, many groups have carried out (_:h_e_mi-(lo) CB_L;”g';'itf{, '\J"_'; S;Gf\tlé?;/t,' g' Egrﬁg‘:ﬁri}'\’x%ﬂm x'géa%g‘;’ H.
cal modifications of the PS surface to replace the initial 121, 11491.

metastable StH bonds on nanocrystalline Si surfaces by (11) Stewart, M. P.; Buriak, J. Ml. Am. Chem. So@001, 123 7821.
(12) Bateman, J. E.; Eagling, R. D.; Worrall, D. R.; Horrocks, B. R.;
Houlton A. Angew. Chem., Int. EA.998 37, 2683.
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anhydrous conditions through the reduction of silicon tetra- produced by an Advantec GS-200 automatic water-distillation
halides and other alkylsilicon halides, or oxidation of metal supplier.

silicide. Blue-UV PL emissions were observed from some  Preparation of Si Nanoparticles. Si nanoparticles were syn-

of their samples. More recently, Swihart and co-workers thesized using a procedure described in detail previgusiith
developed a new combined vapor-phase and solution-phasemall modification. Here, SiO powders were used as starting
process. Large-scale Si nanoparticles were prepared by COmaterials. In brief, SiO powders were annealed at high temperature
laser-induced pyrolysis of silane, and the particles exhibited of 1000°C for 2 h under a flow of Ar gas at ambient atmosphere.
bright PL after etching with mixtures of hydrofluoric acid Then annealed powders were su§pended in yvater mixed with a small
(HF) and nitric acid (HNG).24 They also presented surface amount _of methanol under mll_d ultrasonic treatment._ To the
functionalization of their Si nanoparticles with several suspension, an HF aqueous solution 18%) was adqed to dissolve
organic reagents, which increased the stability of the PL the silicon dioxide in annealed powders. Typically, annealed

. "~ powders of 200 mg were etched in HF solution (10%) for 1 h. Si
5-27
substantially: Although there have been some papers particles were collected on polyvinylidene fluoride (PVDF) mem-

published on synthesis of Si nanocrystals and their surfacey,ane filters (Millipore) from the suspensions. These HF-etched Si
functionalization by several solution routes as described nanoparticles were washed with distilled water and methanol

above, there is less experimental agreement on the photothoroughly to remove byproducts and excess HF and dried in a N

luminescence energies of Si nanoparticles even with similar stream. Usually about 10% of the original powder mass (the price
size range and surface termination. Moreover, understandingof which is almost comparable to that of Si wafer) is recovered

of the luminescence behavior of these Si nanoparticles isafter this etching process.

rather complicated and still far from complete. Further studies  Surface Termination of Si Nanoparticles by Alkene A thermal

on high-quality samples, particularly the photophysics of alkylation reaction of hydrogen-terminated surface of Si nanopar-

samples with narrow size distributions, are needed sinceticles with alkene in the absence of catalyst similar to refs 12 and
chemically stable, uniform-sized, and well-dispersed Si 25 was carried out. Toluene and 1-octene were bubbled with pure
nanoparticles with well-defined and controllable optical nitrogen before use to remove dissolved oxygen. In a typical

properties are of great benefit for further application as tags Process, HF-etched Si nanoparticles were dispersed in 190 mL of
for biologically sensitive materials and in optoelectronics. toluéne, and 9 mL of 1-octene was added. The solution was

. onicated for 30 min and then refluxed with stirring andoNbblin
Recently, a low-cost and simple route has been developeds ! ! EXeC WIth S 1IN ind

. . - ~rat 116-150°C for 3—48 h. During the reaction, a small portion of
for large-scale synthesis of Si nanopowders in our group, in solution was taken at a certain interval for the PL measurement.

which commercially available amorphous §i(x < 2) After the reaction, the solution became clear bright yellow or orange.
powder was annealed at high temperature and then etchedh some cases there remained a few dark brown powders at the
by HF solutior?® The hydrogen-capped Si nanoparticles with bottom of the flask, which can be removed by centrifugation.

little oxide present prepared by carefully controlling the i, selective Precipitation of Alkyl-Capped Si Nanoparticles.
etching condition could be redispersed in several organic The clear dispersion of Si nanoparticles was concentrated by
solvents. In this work, we report the surface modification of evaporation of solvent, and then methanol was added dropwise.
the HF-etched Si nanoparticles through the thermal reactionOnce it changed to slightly cloudy, the dispersion was centrifugated
with alkene reagent in organic solution. This route can at 12000 rpm for 15 min using a Kubota 1720 centrifuge to separate
enhance not only the stability of organic dispersions of Si the solid sample containing mainly the larger particles, which was
nanoparticles but also the PL intensity even if the surfaces redispersed in toluene or other nonpolar organic solvent. This
of HF-etched particles are not free of oxide. Size-selective Procedure was repeated several times for separation of particles
precipitation technique was applied to the alkyl-capped Si With different average size.

particle dispersion to narrow the size distribution of the  Instruments. X-ray diffraction (XRD) measurements of an-
sample. As for optical properties, we focus on the photolu- nealed, etched, and alkyl-terminated Si particles were carried out

minescence of the well-dispersed Si nanoparticles during the" @ Rigaku Rint 2000 diffractometer with Cuitadiation ¢ =
thermal reaction and after size-selective precipitation. 1.5418 A) operated at 40 kV and 20 mA. Fourier transform infrared
(FTIR) spectra were measured with a Horiba FT-210 infrared
spectrophotometer using a 150 mg KBr disk dispersed with the
powder samples at a weight ratio of about 0.5%. Annealed powders

Materials. Silicon monooxide (SiO) powders (99.95%) were and etched particles collected on membranes were used directly as

purchased from Nilaco Co. HF (46-@8.0%), methanol (99.8%), powder samples for XRD and FTIR measurements. For alkyl-

toluene (99.5%), and-octene (95%) were purchased from Wako terminated particle dispersions, the solvent was evaporated at
Pure Chemicals without further purification. Distilled water was 'educed pressure after refluxing, and the resulting oily solid was
used for XRD and FTIR measurement. A Hitachi-8100 transmission

electron microscope (TEM) operated at 200 kV was used to mea-
sure the size and analyze the structure of Si nanoparticles. The

Experimental Section

(21) Mayeri, D.; Phillips, B. L.; Augustine, M. P.; Kauzlarich, S. @hem.
Mater. 2001, 13, 765.

(22) Pettigrew, K. A.; Liu, Q.; Power, P. P.; Kauzlarich, S.®hem. Mater. suspension was dropped on a carbon-coated Cu grid and dried in
2003 15, 4005. . _ air. The histogram of the nanoparticles was obtained by measuring
(23) Zou. 2‘862&“1'(’{"1'%1'?- K., Pettigrew, K. A; Kauzlarich, S. Mano  the diameters of particles with a NIH Image 1.30v software package.
(24) Li, 5(_; He, {(_; TaI(Jkdar, S. S.; Swihart, M. T.angmuir 2003 19, PL spectra were recorded with a Hitachi F-4500 fluorescence
- Els_zllg)(() He. Y. Swihart, M. T.Langmuir 2004 20, 4720 spectrophotometer at room temperature. The Si _par_ticle suspensions
Ezeg Li, z. F.; Swihart, M. T.; R.uc'kengtein, Eangmuir2004 20, 1963. were excited by a 150 W xenon 'amp' T.he excitation wavelength
(27) Hua, F.: Swihart, M. T.; Ruckenstein, Eangmuir 2005 21, 6054. was selected at 350 nm and the emission cutoff filter was set to

(28) Liu, S. M.; Sato, S.; Kimura, KLangmuir2005 21, 6324. 420 nm for all the measurements shown hereafter.
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Figure 2. FTIR spectra of (a) SiO powder, (b) 100G annealed powder,

Figure 1. XRD patterns of (a) SiO powder, (b) 100C annealed powder, (c) HF-etched sample, and (d) octene-treated sample.

(c) HF-etched sample, and (d) octene-treated sample.

Results and Discussion a s

mean diameter 5.1nm
SD 1.87nm
number of particles 1054

Preparation and Structural Characterization. Si nano- & el i
crystallites were formed from amorphous SiO starting | ** - A
materials during annealing at 100C according to the &
following reaction: ¥

=]
L

2Si0— SiO, + Si

o
L

'F're.que'ncy (%)

The phase separation of nanocrystalline Si from amorphous
Si0;, is revealed by the XRD measurement results shown in
Figure 1. The appearance of wide diffraction peaks corre- o
sponding to (111), (220), and (311) planes of cubic silicon e
in pattern b evidences the growth of Si nanocrystallites from | - = "o 50nm = "5 i & & 10 12 14 16
amorphous starting material, i.e., SiO powder, whose XRD £l " o (o0 == Diameter/nm
pattern is shown as curve a for comparison. An average SizeFigure 3. (a) TEM image of octene-treated sample with the SAED pattern
of ~3.6 nm of the phase-separated Si crystallites is estimatedand HRTEM image shown in the upper and lower inset, respectively. (b)
. . . . . Histogram of particle size distribution.
from the widening diffraction peaks using the Scherrer
formula. As a result of HF etching, Si(dhase has almost  oxygen. The FTIR spectrum (curve d) of Si particles after
been dissolved and removed. The XRD pattern of etched reaction with octene shows strong bands ferkCstretching
sample (pattern c) is in absence of a wide diffraction peak modes around 2900 crh and weak bands fod(CH) at
at~21° corresponding to amorphous Sj@ndicating clearly ~1460 cm?; meanwhile, the obvious loss of the bands
the effect of HF etching. Pattern d represents the XRD of intensity for Si-Hyx modes at 2100, 915, and 640 chas
alkyl-terminated Si nanoparticles. The average size of Si well as the absence of=€C stretching modes at 991 and
particles after etching and alkyl-termination processes esti- 908 cnt! indicate the formation of SiC bond on the particle
mated from widening of diffraction peaks shows few surfaces after the reaction between octene antHSurface,
changes. However, the surface composition has been modi-even though the band due to-ST mode that should appear
fied distinctly by etching and thermal alkylation reaction, at~1083 cm? is overlapped by that due to-SO mode in
which is identified by the FTIR absorption spectra (Figure curve d.
2) of etched and surface-alkylated particles compared to the Figure 3a shows a typical micrograph of octyl-terminated
annealed and initial amorphous powders. Curved ahow Si nanoparticles, including a large number of well-dispersed
the FTIR spectra for amorphous SiO, annealed, HF-etched,particles. A selected area electron diffraction (SAED) pattern
and octene-treated sample, respectively. Before HF etching,and high-resolution (HR) image with lattice fringes are
there are only strong peaks at 16700100 cn1? for SiO shown in the upper and lower inset, respectively. The
powders and the annealed sample, which can be assigned tdiffraction rings from inner to outer can be indexed &41},
Si—O vibration. The appearance of a strong peak 2100 {220, and{ 311} crystal planes of cubic silicon, respectively.
cm ! arising from Si-H, stretching mode and 910 and 640 The spacing of lattice fringes measured from the HR image
cm! from Si—Hy scissors mode in curve c indicates the is 0.30 nm, which is consistent with tlevalue of{111}
Si—H terminated surfaces of particles. There are also peaksplanes (0.314 nm) of silicon. Both the SAED and the HR
at 1080 cm* remaining in the HF-etched sample, indicating images confirm the high crystalline quality of the small
that some silicon atoms on particle surfaces still bind with particles. From Figure 3a and other images taken at different
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Figure 5. (a) Room-temperature photoluminescence spectra of the sample
as a function of refluxing time during alkylation reaction. (b) The
dependence of PL intensity on the refluxing time. Note that the final point
on the curve indicates 48 h after the beginning of the reaction. The inset of
(b) is the photograph of Si nanoparticle dispersion under a room lamp
(yellow one with a paper printed by letters behind) and UV lamp (red one).

directly demonstrate that our octyl-capped Si nanoparticles
of different average sizes can be separated from the organic

2 4 6 8 1012 14 16

Diameter/nm dispersion by using the simple but effective method of size-
[ mean diameter 3.65nm selective precipitation.
SD 0.55nm . . . . .
| number of particles 350 Optical Properties. The influence of the alkyl termination

on the PL properties has been investigated by several groups.
Earlier studies on surface alkylation of PS or free-standing
Si nanoparticles have indicated that the nature of the
termination plays an important role in the PL intensity and
stability of both PS and free-standing Si nanopatrticles. It
was noted that hydrosilylation of aliphatic olefins showed
ol no decrease in PL intensity of PS compared to the initial

274 6 8 30121418 Si—H, surfaces! In other cases, however, the PL intensity
Figure 4. TEM images and corresponding histograms of size distribution of PS has been partly or significantly quenched on
of size-selected samples. alkylation10122%-32 As for the alkyl/alkoxy-terminated free-

standing Si nanoparticles prepared from reaction of SiCl

positions on the Cu grid the histogram of particle diameters wjith zintl salts, the UV-blue PL was remarkably stable for
shown in Figure 3b was generated by measuring ap-a period of 1 yea?!22while the visible PL of HF/HNG
proximately 1000 particles. It shows polydisperse particles etched Si nanoparticles was demonstrated to keep its initial
ranging from 2 to 16 nm; thus, size classification techniques intensity for months after surface coating by a|ky| gro@ﬁ)s_
were adopted to narrow the size distribution. In this study, the evolution of PL emission with time during

It is known that size-selective precipitation has been the alkylation reaction has been investigated, and significant
extensively used for size classification of nanoparticle enhancement of PL intensity has been found.
dispersions such as CdSe and CdS synthesized by a wet- figre 5 shows the PL spectrum of a typical sample, where
chemical route. We performed size-selective precipitation for ¢ mission at the wavelength longer than 800 nm cannot be
the polydisperse octyl-coated Si nanoparticle SUSpensiongetected due to the limit of our spectrometer. The sample
using methanol as nonsolvent and usually we could obtain,ya5 extracted at the given time intervals during refluxing
six to seven fractions. The average size of every fraction 5,4 measured at the same condition. The amount of Si
determined by TEM becomes smaller in the precipitation 5 icles maintained constant so that the intensity of every
sequence. Figure 4 shows the TEM images and correspondgpectrym is comparable. The spectrum at the bottom labeled
ing histograms of three representative fractions. Figure 4a ¢ o i was measured on the dispersion before heating, thus
correspon(_:is to the first precipitate. vaiously, this fracti_on representing the PL from hydrogen-passivated Si nanopar-
shows an increase in the average size and a decrease in thgjes |t is seen that the PL intensity of the sample just after
size distribution compared to what has been observed beforg, - etching is very weak, mainly due to the large amount of

size selection (Figure 3). The average particle size is 5.88, 4 radiative defect® Our previous stuck on Si nanopar-
4.85, and 3.65 nm for the three fractions, respectively. For

the last twq precipitates, in some cases,.the TEM imaging (29) Song, J. H.; Sailor, M. J. Am. Chem. Sod.998 120, 2376.
contrast ratio was poor for those small Si particles as Si is (30) song, J. H.: Sailor, M. Jnorg. Chem.1999 38, 1498.

a comparatively light element; thus, it is difficult to accurately (31) Sailor, M. J.; Lee, E. JAdv. Mater. 1997, 9, 783.

measure the size distribution for the smaller particles presentgg ﬁm’raNy; gi;BL.?:SLTE;,%.%f'sﬁ@éﬁmf 392%?%521.453&93

in these finally separated fractions. Anyway, the TEM results 115, 8706.
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ticles etched in various conditions demonstrate that complete Energy/eV
H-passivated surface can be achieved by using diluted 26 24 22 =2 18 18
solution (~0.5%) of HF acid for more than 10 h. Only such

well-passivated Si nanoparticles exhibit visible PL emission.
In this study, we etched the annealed SiO powder using 10%
HF solution for ony 2 h and increased the product yield of
the etched sample largely. As there is still someSibonds
besides the dominating SH ones, after this fast-etching
process, the PL emission is very weak due to nonradiative
defects on particle surfaces. However, as shown in Figure
5a, the relative PL intensity increases obviously from the
beginning of refluxing, reaches a maximum after about 3 h, ] ; ‘ : , : -,
and then shows almost no changes even after 48 h. This is 450 500 550 600 650 700 750 800

. A - - Wavelength/nm

illustrated in Figure 5b, where the integrated PL (i.e., the _ _

area below the PL spectra shown in Figure 5a) is plotted gligrl]Jar;oGp.a:?tigloez-temperature photoluminescence spectra of size-selected
versus the refluxing time. The refluxing period for reaching

the maximum PL intensity differed from sample to sample, = TEM results shown in Figure 4 have demonstrated the
but within several hours further prolongation of refluxing effectiveness of the size-selective precipitation technique.
time did not increase the PL intensity any more. In previous Herein, the room-temperature PL spectra shown in Figure 6
reports of other groups, alkylation reaction on PS samplesillustrate again the advantage of size-selective precipitation.
was usually carried out for more than 10 h to achieve Furthermore, the mechanism of PL emission is investigated
complete coating. Compared to the PS structure, the alkenedy using those size-selected samples. Figure 6 clearly shows
molecules can attach the free-standing particle surfaces morghat tuning of the PL emission is possible by repeating the
easily, so the alkylation reaction in our case does not needsize-selective precipitation process. Usually Si nanoparticles
such a long time. at a size of~6 nm and above in the first precipitate show

A photograph taken under room light (yellow) and UV emission wavelength longer than 800 nm that is out of the
lamp (red) for the toluene dispersion of alkylated Si detection limit of our spectrometer. When the particle size
nanoparticles is shown in the inset of Figure 5b. It is seen Was decreased from 6 to less than 3 nm, the PL peak energy
that refluxing the Si particle in the presence of octene resulted Shifted toward shorter wavelengths from 800 nm (1.55 eV)
in a transparent yellowish dispersion, through which letters ©© 560 nm (2.19 eV). This obvious dependence of PL peak

on the paper placed behind the bottle can be seen clearly @N€rgies on nanoparticle sizes suggests that the optical

The dispersion shows strong red emission under UV lamp lUminescence of our samples is the result of quantum
irradiation. After the alkylated samples were stored in confinement effect; i.e., as the dimension of a semiconductor

ambient air for 1 month, they were checked again. No guantum structure decreases, the band gap of the material

significant changes were noticed. Hence, in this alkylation Increases. This quantum effect has also been investigated

. L. i 4—38 i ic-
reaction, a large number of nonradiative defects have beentn€oretically:*—¢ Here, our experimentally observed emis

effectively scavenged by refluxing at 11 and alkyl sion bands will be compared to theoretical calculations of
coating within several hours. Thus, both the dispersibility e €xciton energy to demonstrate the quantum confinement

of nanoparticles in organic solvent and the emission intensity €€t in our Si nanoparticle.

of the Si particles have been enhanced greatly in the current According to the theoretical model of refs 35 and 38, the
treatment. Herein, we suggest two effects of the alkylation P €nergy is blue-shifted with respect to the band gap of
reaction on the properties of Si nanoparticles. One is the bu"f silicon & = 1.17 eV) and obeys the following power
derivatization of alkyl groups on particle surfaces, which aw:

contributes to the dispersibility of Si nanoparticles in B 3.73

nonpolar solvents. The other is the effective eliminantion of Ep=F+ oL 1)
nonradiative defects on the particles, which results in

enhanced PL emission. Murray et al. reported that annealing This equation has been modified as e 2:

II—=VI semiconductor nanocrystals in coordinating solvents

provided high sample quality and resulted in strong band EC"=E, + 3-73+ 0.881 0.245 2)
gap PL emissioR® Thus, we consider that refluxing of our pt* D

Si nanoparticle dispersion above 110 not only provides

the thermal energy to the alkylation reaction but also anneals
the sample so that well-passivated surfaces of highly crystal-
line nanoparticles can be achieved. As a consequence, ou
sample exhibits visible PL emission. It has also been noticed 34) Takagahara, T.; Takeda, Rhys. Re. B 1092 46, 15578

that the red emission band from the as-prepared alkyl-cappeqss) pelerue, C.; Allan, G.; Lannoo, MPhys. Re. B 1993 48, 11024.
nanoparticle suspension is rather wide. We ascribe this band36) Hill, N. A.; Whaley, K. B.Phys. Re. Lett. 1995 75, 1130.
widening t‘? the Wide_Size diStribUtion_kno_W” from the 83 E:é?ustng?r?éTart]alglf?elljr?gﬁng E|t}|zzgn6?:8§ggn B.; Paillard,
corresponding TEM micrograph shown in Figure 3. V. Phys. Re. B 200Q 62, 15942.

Normalized PL Intensity

The calculations of PL energy versus diameter of Si
nanoparticles from egs 1 and 2 are shown in Figure 7, in
yvhich the dotted and dashed curves correspond to egs 1 and
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4.0 - = distribution for every fraction contribute more to photolu-
5 v 3 minescence. As a result of both effects together, our
3% 3 experimental data are shifted a little to larger particle
2 301 \ 1400 3 diameters or higher PL energies. However, the comparison
3 ' \ 2 between our experimental energies and the calculations still
°E' 25] \"\-. 1500 g suggests that the emission we observed result from electron
S v s hole recombination transitions in the Si nanocrystals due to
E 2.0 S '6°°§ qguantum confinement effects if the small discrepancy is
3 RS {700 5 considered.

1.5 TTaselll 1800 5

————— j900 §

Conclusion

) . Diameter/nm ) i i Both the dispersibility in nonpolar solvents and PL
Figure 7. Photoluminescence peak energy of Si nanoparticles as a function . . . .
of size. The solid squares are experimental data of this work, while the INte€nsity of HF-etched Si nanoparticle sample are substan-
dotted and dashed lines represent the theoretical model of refs 35 and 38tially enhanced by employment of the surface capping by
respectively. octene. According to the experimental analyses, the thermal

alkylation reaction enables remarkable reduction in nonra-

2, respectively. The solid squares represent PL peak energiesliative defects, which might produce PL emission due to
measured from samples of our size-selected Si nanopatrticlestadiative recombination of carriers confined in Si nanopar-
As one can observe, the PL peak energies from our sampldticles. Size-selective precipitation provided an effective
are consistent with the general trend of both theoretical means of tuning and narrowing the PL spectra. The band
curves. We have also noticed the small discrepancy betweergap of the silicon nanoparticles could be shifted from 1.55
the experimental data and theoretical curve. It might cometo 2.19 eV by decreasing the particle size. Our TEM
from two reasons. One is the accuracy of the small size measurements and PL results of the size-selected samples
determined by TEM observation. A previous report of Brus provided convincing evidence of a quantum confinement
et al. on Si nanopatrticles indicated that directly imaged Si effect in the silicon nanoparticles. Moreover, the experimental
nanocrystals in TEM are on the large side of the actual dependence of PL peak energies on particle sizes follows
particle size distributiof? thus, the average size of every the theoretical curves.
fraction of our sample determined by TEM measurements
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