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We have performed physical and optical characterization of Si nanocrystals grown by ion
implantation of Si ions at multiple energies with varying doses into thermally grown,Silns.

The purpose of multiple implants was to achieve uniform composition of the added Si profile
throughout the Si@film to produce Si particles with a narrow size distribution upon annealing at
1000 °C in a nitrogen atmosphere. The depth distribution of the composition and sizes of the Si
particles in SiQ films before and after the anneal were determined using Rutherford backscattering
(RBYS), forward recoil spectroscopy, small-angle x-ray diffracti@XRD), and high-resolution
transmission electron microscopiiRTEM). From RBS we concluded that the amount of free
silicon was reduced by annealing, presumably due to oxidation in the annealing process. The mean
cluster sizes of the annealed samples were determined by SXRD. HRTEM was also employed to
determine the average size of Si particles. Photoluminescence s{fdtfeom these samples were
broad and the peak positions of the PL spectra were blue-shifted with decreasing cluster size. The
line shapes of the PL spectra were calculated with a quantum confinement model assuming a
log-normal size distribution of Si nanoparticles &ddD)*?° dependence of the band gap energy as

a function of particle siz&. The band gap energy and the average particle size obtained from the
calculated line shape spectra agree well with the quantum confinement mod2D0@American
Institute of Physicg.S0021-89780)04020-3

I. INTRODUCTION SiO, film. In multiple implants with a flat implant profile,
one expects the excess Si to be distributed uniformly

tals (nc—Si) grown by various techniquie* has been con- throughout the oxide layers. Therefore, upon annealing at

ducted due to its potential for application in Si-based opto-1000 °C fa 1 h in anitrogen ambient, one would expect to
electronic devices. The key issue in the growth process is tg0Serve the formation of Si nanocrystals of uniform size
synthesize Si nanocrystals in an insulating matrix, preferabljfiroughout the entire Sifilms.
SiO, films, with a narrow size distribution. This would en- In Ref. 5, the uniform size distribution of Si nanocrystals
able one to increase the band gap of Si from 1.1 to 4 eV idNc=Si) in multiple- dose/multiple-energy ion-implanted
small incremental energies by decreasing the particle size ifims was neither verified by Rutherford backscattering
small steps allowing a wide range of applications of Si asRBS) nor by high-resolution transmission electron micros-
detectors, light emitting devices from infrared to visible-UV copy (HRTEM). It was speculated from the observed photo-
radiation, and optical interconnects compatible with the SiuminescencéPL) band which did not shift with the change
industry. of excitation energies. The authors also speculated the PL
This work was motivated by a recent report by Shimizu-mechanism in Si nanocrystals as two step processes—it was
lwayamaet al.® in which the authors calculated that multiple assumed that the absorption of the incident light took place
implants of St ions at different doses and energies intoinside thenc—Si, but the emission occurred at the interface of
thermally grown, 300-nm-thick SiOfilms would yield a nc-Si and the Si@ shell surrounding the nanopatrticles.
very flat implant profile as compared to a single dose/single  The origin of the PL band imc—Si is still controversial.
energy ion implantation that produces a Gaussian implanThere is a general consensus that an incident photoo-i
profile. After annealing, a single Siimplant at a certain excites an electron to a higher energy state in the nanocrys-
dose and energy produces a narrow band of Si nanoparticleal, but the question about the origin of the electron—hole
of varying size at the peak of the Gaussian-like profile in therecombination that results in visible light emission remains.
Does the recombination occur inside the nanocrystal or at the
dpresent address: Nanoscience Technology, Silver Spring, MD; electroni@anocryStaVSi@ interface? Because Si is an indirect band
mail: soumenguha@worldnet.att.net gap semiconductor, a momentum conserving phonon is re-

In recent years, a great deal of research on Si nanocry
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quired for the absorption and emission processes. Therefor@ABLE I. Order, energies, and fluences for the 5% and 10% implants.
one way to understand the absorption and emission processgs
in nc-Si is to look for the momentum-conserving phonon

energy(keV) 5 at% fluencgSi/cn?) 10 at % fluenceSi/cn?)

structures from a resonantly excited-Si. If the emission igg g-g iﬁz 377-22 18112
occurs inside the nanocrystal, the phonon stru.ctures accom- o0 2 0K 106 3.0 10%
panying the PL band would be that of time—Si; alterna- 75 7.5¢ 105 1.125x 106
tively, if the phonon structures of the Si—O bond at the SiO 50 1.25¢<10% 1.875x< 10"
interface is observed, the emission occurs at the interface. In 25 7.5x10% 1.125¢10%
a recent report by Kanemitsu and OkanfaR, experiments ~ Total Fluence: 1.22107 1.84x10"

on resonantly excitedc—Si capped with Si® showed that
the momentum conserving phonons of the Si—O bond ac-

companied the PL spectra and concluded that the emissi

occurred at thec—Si/SiO, interface. However, the observed i ExPERIMENT

phonon structure was so broad and weak that, in our opinion, Samples were prepared by implanting” Sons into a
these results were far from being conclusiventr-Si, as the  thermally oxidized Si wafer with an oxide thickness of 300
particles get smaller, the phonon modes are broadened amdn. The energy for ion implantation was selected from 25 to
red-shifted” Observation of this mode for a particle of size 200 keV at varying doses with a beam current of 57A.
around 2 nm as phonon replicas in the PL spectra demandsTdiree films with nominal doses 5, 10, and 15 at % of excess
very carefully monitored experiment with a high density of Si were prepared. The specific information on the implanta-
nanocrystals in the sample. Moreover, it is difficult to recon-tions for the 5 and 10 at% samples is given in Table I. We
cile Kanemitsu’s model with the quantum confinementannealed all three types of samples at 1000 ° C in a nitrogen
model, which has been compiled on the PL band®fSi in ambient. In order to understand the oxidation of Si particles,
the last five year& Many researchers favor the quantum con-two different annealing times were used: one-half and one
finement modeti.e., when materials consisting né-Si are  hour. We studied the following samples with nominal con-
iluminated by incident light, the absorption and emissioncentrations of added Si: 5 at¥as-implanted, annealed for
occur inside the nanocrystal giving rise to an yellow-orange-5 N, and annealed for 1,HL0 at %(as-implanted, annealed
emission around 1.8 eV from a particle of size 2.7 nm. Refor 0:5 h, and annealed for 1),hand 15 at%annealed for

cently Wolkin et al® claimed the observed PL around 750 1 h). In spite of a continuous flow of nitrogen in our furnace,
nm from oxidized porous Si to have originated at the oxideVe found increased oxidation of the free Si with anneal time,

surface where the carriers were trapped in Si—O bond. presumably due to the presence of oxygen and/or water va-

In this study, we re-examined the samples implanteoDor contamination in the nitrogen gas.

uniformly with Si by Shimizu-lwayamat al® and addressed For the ion-beam analyses of the films, we used 2.3 MeV

a few of the questions discussed in the previous paragrapl"‘T|e+ lons for the RBS with the beam incident at 60° from the
surface normal and the detector at a backscatter angle of

We extendgd the work reported in Ref. 5 by studying th'3164° and 2.9 MeV Hé ions incident at 75° from the surface
implanted films before and after the anneal treatment with | with a d ) le of 30° for th S Th
various techniquegl) Rutherford backscatteringRBS), (2) norma with a ?teCt.lon angle o or the FRS. The stop-
forward recoil spectroscopRS, (3) small-angle x ra,y gif per foil located just in front of the FRS detector was a 10.7

' ) ) ) m mylar foil. For both RBS and FRS the beam spots on the
fraction (SXRD), and(4) high-resolution transmission elec- K y P

. h d specimens were about 2 mt2 mm. We used our docu-
tron microscopy(HRTEM). The RBS and FRS measure- mented spinning-wire dosimetry system to determine the

ments allowed us to determine the depth distribution of freg, | ..ar of helium ions used to generate each spectrum with
(i.e., non-oxidizegland oxidized Si and of hydrogen. SXRD 5 precision of- 1, which is quite precise compared to normal
and HRTEM provided information on thec-Si cluster size  rpg measurements and was needed to perform the analyses
distribution inside the Si@films. Three different implanted  jescribed belovi® The progranrRumP was used to quantify
films with nominally 5, 10, and 15 at% of free Si in SIO poth sets of results:

films were studied for this investigation. PL studies of the  cross-sectional TEM images of the annealed films were
annealed films as a function of excitation wavelength wergyptained with JEOL electron microscopéblodels JEM

also conducted. Assuming a log-normal size distribution 0f300CX and JEM 4000EX The contrast in TEM images and

Si nanocrystals in the annealed films, the line Shapes of th@ttice fringes were enhanced by an image processing soft-
PL spectra as a function of excitation wavelength were calware (NIH Image and Adobe Photoshpgsmall-angle x-ray
culated. From the fitting of the PL data with calculated line diffraction data from these films were obtained with a Huber
shape, a size distribution for each film was obtained. Sinc¢our-circle diffractometer that is coupled with a Rigaku rota-
the calculation of the PL line shape assumed a quantum cofiion anode x-ray generator. The 1.54 A Ku line was used
finement model, a comparison of the size distribution ob-as a source. The average scan time to record a spectrum was
tained from the PL data with the HRTEM or x-ray data is an10 to 12 h.

indirect test of the application of quantum confinement  For the PL experiments, a mixed krypton—argon ion la-
model to explain the mechanism of PL1ic—Si and allows ser, a single monochromator with a cooled change-coupled
us to compare this model with models proposed bydevice(CCD) array was used. The average laser power used
other$®®9to explain the PL mechanism im-Si. in the visible was about 10 mW focused into a 30Gspot
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Energy (MeV) ’ implanted samples and that the amount increases in the order

30 — o8 10 12 L4 expected. Detailed examination of the spectra showed that
—SX% Si Implonted into Si0,/Si, ofter 1000 C/1 h,}‘;}ﬁ the as implanted samples had essentially uniform concentra-

25 | ZiTAfter 1000 6/0.5 b/, g tion of added Si throughout the oxide layer, and the anneals

—=1100 nm Si0,/Si

resulted in the oxides being thicker than those of the as-
implanted samples. In addition, the amounts of free silicon
(i.e., unoxidized Siwas reduced by the anneals, presumably
because of oxidation by oxygen and/or water contamination
N during the anneals in nitrogen. For the annealed samples, the
subscript “O” refers to the physical location of the indicated
T element at the interface between the heavily oxidideste-
after called oxidized or region | in the tgxand slightly
oxidized (hereafter called nonoxidized or region Il in the
25 _:Lﬂﬁicﬁf?%’% egngi0a/Si atter 1000 €/1 hr/Ny | text) portions of the added silicon. By comparing the near
—5-1100 nm Si0,/Si surface levels of Si in each of the five annealed samples with
- that for pure SiQ on Si, we concluded that there is some
small amount of “free” Si in the oxidized portion of the
. samples.
i DetailedrumP analyses of each of the spectra from the
eight samples were completed, and the comparison of the
fitted RumP simulation and the data for the samples annealed
for 1 h ispresented in Figs.(a8)—2(c). First order straggling
was included as was a scaling of the stopping for(isi.,
18K Si implaned into S0y/Si, ofter 1000 /1 h<,°/)N, 0.91-0.93, which is consistent with the1% precision of
~-1100 nm Si0,/Si . .
B . the measurementsThe fits are quite good except below
about channel 228.e., below about 0.7 MeV for the back-
scattered Hg mainly becauseump does not account for the
multiple scattering effects that become more important at
lower backscattering energies. The results of all Rusmp
analyses of the RBS spectra are summarized in Table II.
From Figs. 1 and 2 and the results summarized in Table
Il, we can draw several conclusions:
0 1. Assuming that the initial oxide thickness was 300 nm,
150 200 250 300 350 400 450 very little sputtering occurred during the 5 and 10 at % im-
Channel plants. In unannealed/as-implanted samples, about 10 to 15
FIG. 1. Comparisons of the Rutherford backscattering spectra fdiatte nm of oxidized Si layers were observed due to the exposure
(b) 10, and(c) 15 at % samples with the 1100-nm-thick thermal fused silica Of Samples to air after implantation.
layer on Si. Here | and |l refer to oxidized and unoxidized regions. 2. The oxide regions of the as-implanted 5 and 10 at %
samples contained-1.06 times and~1.09 times, respec-
size on the sample. For the 351 nm UV line, the laser poWep’vely, of the amounts of Si planned for the.implants as 'given
was about 5 mW. in Table I. Furthermore, some of the implanted silicon
should have been implanted in the silicon below the oxide
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IIl. RESULTS AND DISCUSSION layer. .
_ 3. The anneals reduced the total amount of free silicon
A. Rutherford backscattering  (RBS) available in the oxide to form nanoclusters due to oxidation

Using RBS, we analyzed the following samples with Of part of the free silicon. For the 5 at % samples the amounts

nominal concentrations of added Si: 5 at((as-imp|anted, of added free silicon oxidized dUring the one-half and 1 h
annealed for 0.5 h, and annealed for }, hO at% (as- anneal steps were 210'® and 7.4<10' Si/cn?, respec-

implanted, annealed for 0.5 h, and annealed foy,Jahd 15  tively. For the 10 at % samples the corresponding amounts of
at% (annealed for 1 h In addition, we obtained the RBS oxidized free silicon were 3:110' and 5.4<10'° Si/cn?,
spectrum from an 1100-nm thick thermal fused silica layerreéspectively. Thus, comparable amounts of the added free Si
on Si as a control sample. were oxidized during the anneals, indicating that the supply
An overlay of the RBS spectra from the eight different of oxygen, not diffusion of the oxygen through the §i@as
samples and a representative thermal oxide on Si is given iprobably limiting the oxidation process. From the RBS spec-
Figs. Aa)—1(c). Subscripts “S” and “I" refer to the physi- tra we can conclude that the amount of free silicon was re-
cal location of the indicated element at the surface and at thduced in the oxidized and nonoxidized regions of the oxide
SiO,/Si interface, respectively. From these spectra we catayers of all annealed samples. Thus, presumably each of the
conclude that there is added Si in the Sil@yer of all the nanoclusters has oxidized surfaces with the nanoclusters in
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Energy (MeV) TABLE Il. Summary of rump analyses of RBS datda) Free Si in total
0.6 0.8 1.0 1.9 1.4 oxide refers to the value averaged throughout the total oxide thick(i®ss,
30 T T T T @ free Si in nonoxidized layer is related to the layer where only a small
o 5% Si implanted intg SI0,/Si, affer 1000 C/1 hr/N; frgction_ of the added_Si was oxigized:) total thickne_ss is the effective
o5 | —Simulation: 1.46X10° atoms/om? of ShodQg on - SiO, thickness assuming the density for the thermal,Si@s 2.19 g/crhor
6.60X10" atoms/cm® of Si; g0, on Si > .. g . .
o 6.6X 1072 atoms/cr, (d) oxidized thicknesgregion ) is the depth corre-
% 20 i, .05 i sponding to oxidation of a large fraction of the added Si.
5
3 St h Layer
NISF B Free Si Free Si in thickness
g in total oxide  nonoxidized layer———————
E ol Il ] total oxidized
2 s, | S Sample crh at% cnf  atV/% nm  nm
I
5} - as-implanted 1.2910"7 6.49 1.2%10Y7 6.83 283 15
5% annealed, 1.02<x10Y 500 9.06<10' 6.25 295 89
05h
®) annealed, 5.54x10® 261 3.1410'° 4.76 313 218
5 | SR S Sl S0 M | Lh
’y 1.50x10™ atoms/em” of Sz, on Si as-implanted 2.08107 10.0 20010 10.4 272 12
) % o 10% annealed, 1.68x10'7 8.18 1.6810Y 9.91 287 55

s
& 20 05 h
o annealed,  1.46x<10" 6.59 1310 881 314 107
AL 1h
B 15% annealed 1 h 2.4210"7 11.8 2.3%10Y 150 275 71
gm annealed 1 h 259107 11.9 246107 153 280 74
Z
5
largest of the surface hydrogen peaks corresponded to 1.9
© X 10™ H/cn? and was found on the 5 at% as-implanted
& 15%.S; implanted ntp $i0y/Sh gfter 1000,0/1 br/N, sample. The amounts of hydrogen foud.5—19x 10"
Br— 1.56X10"* atoms/om? of ShsiG; on S ] H/cn?) on these surfaces are typical of those found on all

0, % o

but the most carefully treated and handled samples. With one
exception, the concentration of hydrogen in the Sl@yer
was about 230 at ppm. The only anomaly occurred for the 5
at% annealed sample that had a buried, 180-nm thick layer
i of 0.22 at% hydrogen in SiOthat was centered about 190
nm from the surface. Although the origin of this layer is not

- clear, the low level of hydrogen found in all these samples
did not affect the RBS analysis and should not affect the
photoluminescence measurements.

Normalized Yield
o

0 T
150 200 250 300 350 400 450
Channel

C. High-resolution transmission electron microscopy
FIG. 2. Representativeump simulation analyses for th@) 5, (b) 10, and (HRTEM)
(c) 15 at % samples. Here | and Il refer to oxidized and unoxidized regions.
We performed HRTEM on the three samples annealed

the oxidized region having larger oxidized surfaces, therebyor 1 h. In Fig. 3, we show cross-sectional TEM images of
reducing the size of the nanocluster. the 15 at% Si sample as annealed for 1 h. Figue & a

4. The planned concentration of added free Si wasypical low-magnification image and, as for all three samples
achieved, withint 1, only in the nonoxidized layer of each

annealed sample. The overall average concentrations of the
added free Si were considerably less than the implanted lev-
els, especially after th1l h anneals.

RBS of the as-implanted 5 and 10 at % samples did not
reveal any detectablg>15 elements; however, all annealed
samples had small impurities on the surface and/or in the
bulk. The largest impurity on all three annealed samples had
a mass like Ti at concentrations ef1.5x 106, 9.8x 10'°,
and 9.5¢ 10 Ti/cm? for the 5, 10, and 15 at% samples,
respectively. We do not believe that any of these impurities

affected the photoluminescence measurements. FIG. 3. Cross-section TEM images of a 15 annealed sanipleThree
) regions are shown(l) heavily oxidized SiQlayer where small Si clusters
B. Forward recoil spectroscopy  (FRS) (< 2 nm) were seen(ll) Si clusters of sizes 1 and 3 nm in the Sifayer,

and the third region is the Si substratie). Very large particles were detected
We used FRS to assess the surface and bulk levels @kar the substratéc) Smaller particles between 1 and 3 nm were found in

hydrogen in the as-implanted @i h annealed samples. The regions I and 1.
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) o ) ) from (a) 15 at% (1 h anneal and (b) 10 at % (1/2 h anneal A sloping
FIG. 4. Log-normal size distributionsolid curve using Eq.(8) of Ref. 1 background has been subtracted from each spectrum.
and histogramg¢shaded ar@ashowing the measured size distributions from
TEM analyses for two sample&) 15 at % Si,(b) 10 at % Si.
2—3 nm. Although our HRTEM measurements did not show

, ) .. particles larger than 3 nm in the Siatrix except near the
annealed for 1 h, we observed defined regions of differing ,syrate. SXRD data showed higher intensities for the larger
contrast in the Sig matrix as indicated b{' and Il'in this 5 icles, probably because of their large volumes as com-
figure. The depth of region I in the 15 at% samples IS, app4req to the smaller particles. Because a sloping background
prOX|mater,_80 nm, which is con_S|s_tent with the RBS resulty 55 subtracted from the raw data, the Peak heights of these
of 71_ nm given in Table II. _Th's is the region that was y,q gjze distributions should not be regarded as a true mea-
heavily oxidized in the annealing process presumably due 1Q, ;e of their intensities. We did not detect any x-ray intensity
the presence of oxygen contamination in the nitrogen gas. A§ g, the 5 at %(0.5 h annealsample, probably due to its

a result, a large fraction of the added Si and/or Si nanopaf,, concentration of free Si, as shown by the RBS results in
ticles became oxidized in region I. Very large particles OfTabIe 1.

sizes>5 nm were ob;erved in contact with the Si substrate  |; 155 peen establishbthat the band gap of Si particles
as .ShOV\./n by F'g',@ n all three sampiles a'nnealeq for 1 h. larger than 4 nm is that of bulk Si, which is 1.1 eV. One
Using high magnification, we found Si particles with an av- g4 not expect the quantum confined excitonic states, that
erage diameter ot 2.5 nm throughout region Il as shown by 6 1q give rise to visible photoluminescence, to exist in par-
Fig. 3(c). The average particle size was found to be smallery;..¢ larger than 4 nm. But we must point out that these

around 1-2 nm in the region |, and such particles were oby, 46 i particles may contain morphological defects, Si dan-
served throughout the entire region for the 15 and 10 aFO/&“ng bonds, and color centers that may produce midgap
annealed samples. Apparently oxidation during annealingi,es in the Sipmatrix; a visible PL spectrum from these

limited the growth of the Si nanocrystals. We try to estimateatactg might be observed that normally occur at the oxide

the size distribution from the HRTEM images in WO iierface and often, misconstrued as the visible emission as-
samples, which are shown in Figgastand 4b). For each sociated with Si nanocrystals.

sample, a histogram is obtained by counting about 50-100
particles in regions | and Il as shown by FigaB They were
fitted with log-normal distribution curves shown by solid
lines in Figs. 4a) and 4b). Figure 6 shows the PL spectra from three annealed
samples taken at several excitation wavelengths. Except for a
slight reduction in PL intensity shown in Figs(t$ and Gc),
essentially the same PL spectra were found for the 5 and 10

Figure 5 shows SXRD intensities from the (3 h an- at% samples after annealing for one hour. This implies that
nea) and 10 at%(1/2 h anneal Si samples as a function of the effect of a longer anneal time is to decrease the concen-
particle size. The size®) were obtained from the scattering tration of Si clusters, presumably due to increased oxidation.
angle @ with the relationship: R sin6=\, where\ is the  This decrease of PL intensity as a function of anneal time
x-ray wavelengtn(1.54 A). Each sample showed two broad was also observed for a single-dose/single-energy implant
size distributions: one around 6—7 nm and the other aroundhich we have reported elsewhére.

E. Photoluminescence (PL)

D. Small-angle x-ray diffraction (SXRD)
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. spectra(solid lineg for the (b) 15, (d) 10, and(f) 5 at % Si samples of Fig.
FIG. 6. Photolummeoscence spectra fréan 15 (1 h anneal (b) 10 (12 h 5 respectively. Selected datapoints of the experimental PL spectra taken at
anneal, and(c) 5 at % (1/2 h annealsamples. These spectra are the raw o excitation energy of 2.71 eV are shown by the filled circles. PL spectra
data and are not corrected for the instrument response. are corrected for the instrument response.

For the 351 nm excitation, we observed a blue-shift of
the PL peak energy with decreasing fluences, indicating &ate the line shape of a PL spectrum at excitation energies
decrease in cluster size that results in a change of the barmtween 1.96 and 4.88 eV. According to this model, for a
gap of Si. However, the shift of the 15 at % annealed sampl@anocrystal with a log-normal size distribution of an average
as a function of excitation wavelength is different than thatsize D, the line shape of a PL spectrum would change as a
of the other two annealed samples. In a site-selective prdunction of excitation wavelengttenergy. Therefore, once
cess, highetlower) excitation energieéwvavelengthswould  one determines the size distribution in a sample, one can
select particles of smaller sizes and, hence, the PL peak enalculate line shapes of PL spectra for a certain clusterzize
ergy should appear at higher energies as compared to lowat all excitation wavelength&nergies We tried a similar
(highep excitation energieswavelengths Although we ob-  approach to calculate the PL spectra for 5, 10, and 15 at%
served such a trend for the 10 and 5 at % annealed samplemnealed Si samples at two excitation energies, 2.71 and
the PL spectra of the 15 at% annealed sample shifted to th&54 eV.
red at shorter wavelengths. This anamoly may be due to a In Ref. 13, the authors used a single size distribution to
broader size distribution in this sample as evidenced byit the experimental PL data at excitation energies between
SXRD. In order to understand this unusual trend in the 151.96 and 4.88 eV. The particle size distribution in the
at% Si sample, we next try to calculate the particle sizesamples from which the PL data were taken was assumed,
distribution from the PL spectra taken at two excitationbut never measured. Using this model, we were unable to fit
energies. the PL data at all excitation energies between 1.96 and 3.54

Assuming that the PL originated inside the nanocrystakV with our measured size distributions in two samples
and the shift of the PL band is due to quantum confinemenshown by Fig. 4. In our fitting process, we used the same
of excitons in nanocrystals, the size distribution in thesdog-normal size distribution for each sample, shown by Figs.
samples are estimated from the PL spectra in the followingl(a) and 4b), to fit the PL data at the excitation energy of
manner. In a previous repdftwe calculated the PL spectra 3.54 eV for the 15 at% and 10 at% Giig. 8. When we
from the size distribution following a phenomenological tried to use the same size distribution to fit the PL data at the
theory developed by Yorikawa and Muramatsuin this  excitation energy 2.71 eV, we got a poor fit. Therefore, we
theory, it was assumed that the energy gép)(varied with  used a slightly different size distributigfig. 7) to fit the PL
size D of nanocrystals as D*?% In addition, a single log- data at excitation energies between 1.96 and 2.71 eV for
normal size distribution was assumed in this model to calcuthese samples.
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from these samples are the band-edge emissions from Si par-
ticles of average sizes 2.6, 1.9, and 1.8 nm; the PL peaks
agree quite well with the absorption edges for these sizes

reported in Ref. 4. We, therefore, have shown another ap-
proach to interpret the PL data as compared to the qualitative
surface state model used in Refs. 5 and 9.

Finally, we try to compare our PL data with the observed
red PL around 1.9 eV in oxidized porous °Sip which the
authors claimed that the observed red PL was due to exciton
recombination at the oxide surface. This interpretation was
based on a theoretical calculation of electronic states of Si
clusters passivated by either hydrogen or oxygen atoms us-
ing a self-consistent tight-binding method. In this calcula-
tion, as the particle sizéd) became smaller, the Si band gap
became larger due to quantum confinement and obeyed a
relationship: E;~1/D*33!* When Si clusters were passi-
vated by oxygen, trapped states due to Si—O bond appeared
in the band gap of Si clusters of sizes less than 3 nm. There-
fore, the authors opined that the electron—hole recombination
must occur via these trapped states created due to oxygen
passivation of the Si clusters. As a result the PL peak should
not be blue-shifted in accord with the 78 law and this
observation was reported in Ref. 9.

Our analyses were based on three sizes of average diam-
FIG. 8. Size distribution$a), (c), and(e) are used to calculate the line shape et.er 2.6,1.9, and 1.8 nm that belonged to zone Il of Ref. 9. In
spectra(solid lineg for the (b) 15, (d) 10, and(f) 5 at % Si-samples, respec- this zone, the band gaps of the hydrogen- and oxygen-
tively. Selected datapoints of the experimental PL spectra taken at an excpassivated Si clusters of sizes between 1.8 and 3 nm were
tation energy of 3.54 eV are shown by the filled circles. PL spectra aregomparable; therefore our PL data could not test the oxide
corrected for the instrument response. model of Ref. 9. Neither can we rule out the surface state

recombination of excitons as the origin of red emission from

We believe that for lower excitation energies, only the Si clusters heavily coated with oxides. One needs more sizes

emission from nanoparticles of larger sizes were detectef€Ween 1 and 3 nm with a narrow size distribution to test

due to their larger band gapg¢ therefore from the entire (e 0xide model of Ref. 9.

size distribution shown by Fig. 4, particle sizes that contrib-

ute to the PL spectra at these excitation energies are reflected

in the size distribution shown by Figs(&j, 7(c), and Te).

These size distributions were used to calculate the lingy. SUMMARY AND CONCLUSION

shapes of the PL spectra of the three annealed samples

shown by the solid lines in Figs(f), 7(d), and 1f) and the In summary, we have demonstrated that multiple dose/

experimental PL data are shown by the filled circles. Intermultiple energy ion implantation can be used to grow Si

estingly enough, the average diameter obtained from this fithanoparticles of reasonably uniform size. We have deter-

ting procedure is the same for all three samples, but with anined by RBS the amount of excess, ion-implanted Si in the

slightly different size distribution. According to van Buuren SiO, matrix before and after annealing. RBS showed that in

et al,* the band gap fioa 2 nmparticle is, approximately, 1.9 the first 55—-218 nm of the 300 nm Si@ims, most of the

eV and hence the observed PL from the 5 at % sample coulddded Si was oxidized during the annealing process. We

be assigned to the band-edge emission from the quantunrave also found, by HRTEM, Si particles of varying sizes

confined excitonic states of Si nanocrystal of size 2 nm. Notdetween 1 and 3 nm in the remainder of the Siins. Very

that the 15 and 10 at % Si samples do not show the PL pealarge Si particles have been found near the substrate. We

at 1.9 eV although the average particle size is the same faronclude that to grow a narrower size distribution, one

all three samples. Our calculation indicates that a broadeshould start with added Si less than 10 at %, and we found it

size distribution would shift the PL band irrespective of thedifficult to control the size distribution with added Si greater

mean diameter. Therefore, the quantum-confinement modéhan 10 at %. We have calculated the line shape spectra with

interpretation of the PL mechanism still holds for the 15 andmeasured size distributions that fit the PL spectra from the

10 at% annealed Si samples. three samples using a phenomenological model that invokes
When these samples were excited by the 351(8B4  quantum confinement of excitons mc—Si. The band gap

eV) laser line, as shown by Figs(l8, 8(d), and &f), the PL  energy and the average particle size obtained from the cal-

peak shifted to the blue with decreasing particle size in theulated line shape spectra agree well with the quantum con-

three samples as shown by the size distribution in Fig®, 8 finement model. However, as regard to the origin of the PL

8(c), and 8e). We conclude that the observed PL spectraspectra in Si nanocrystals we need to grow Si particles with

PL Intensity (A.U.)

D, =19nm o -
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—Calc
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