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Photoluminescence from mechanically milled Si and Si©@powders
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The photoluminescenddL) in as-received and milled Si and Si@owder is reported. The Si and SiO
powder is characterized by chemical analysis, Raman scattering, x-ray photoelectron spectra, infrared absorp-
tion, x-ray diffraction, and differential thermal analysis. The results indicate that the Si powder has amorphous
Si oxide and suboxide surface layers. The milling of Si powder results in the formation of nanocrystalline/
amorphous Si components. An amorphous ;Sé@mponent is formed by milling crystalline SjOThe PL
spectra for as-received Si, milled Si, and gigbwder exhibit similar peak shapes, peak maxima, and full
width at half maximum values. For both the as-received and the milled Si powder, experimental results appear
to exclude mechanisms for PL related to an amorphous Si component or Si-H or Si-OH bonds, or the quantum
confinement effect. Similarly, for milled SiOpowder mechanisms for PL do not appear related to Si-H or
Si-OH bonds. Instead the greatly increased intensity of PL for milleg 8D be related to both the increased
volume fraction of the amorphous Si@omponent and the increased density of defects introduced in the
amorphous SiQupon milling. It is suggested that the PL for as-received Si, milling-induced nanocrystalline/
amorphous Si, and milled Siresults from defects, such as the nonbridging oxygen hole center, in the
amorphous Si suboxide and/or Si€omponents existing in these powder samples. The PL measurement for
milled SiG, is dependent on air pressure whereas that for as-receivedsSi0t, suggesting that new emitting
centers are formed by millingS0163-18207)00311-1

[. INTRODUCTION bridging oxygen hole centéNBOHC),® etc. It has also been
indicated recently that the silicon oxides may play an impor-
Si and SiQ are the core materials of the semiconductortant role in the PL of porous Si and nanocrystalline Si, e.g.,
industry. Since Canham'’s repbih 1990, there has been a the strongly oxidized porous Si and nanocrystalline Si
great interest in the light emission from porous silitoh samples show yellow/red and green/blue luminescéhte.
because of possible applications for light-emitting devicesis believed that the green/blue luminescence may be associ-
Visible photoluminescencéPL) has also been found in ul- ated with the adsorption of OH groups in the silica
trafine Si particle®'*and nanocrystalline Si film$—1Dif-  network!>® with the radiative recombination of excitons
ferent mechanisms or models have been proposed for theonfined in the crystalline Sic-Si) core in the crystallité?
visible PL in porous Si, such a$l) a quantum size or with the siloxene and/or Si{bn porous Si surfacé$.As
effect=*14(2) the presence of amorphous silico(8) emis-  for the yellow/red luminescence, it has been suggested that it
sion from molecular species such as siloXemepolysilane’  may result from an O-terminated Si surface lay/efrom
(4) the effect of silicon hydrid&,(5) the effect of the non- some light-emitting centers in the Si oxide filftfsfrom

0163-1829/97/58.2)/76159)/$10.00 55 7615 © 1997 The American Physical Society



7616 T. D. SHENet al. 55
Si-OH bonds?® or from quantum confinement effects of rem- ~ TABLE I. Sample, milling atmosphere, milling time, and oxy-
nant Si walls of porous 3g gen content for Si powder. The open interval indicates the time
As for the SiQ, it is suggested that the Sj@self cannot interval at the end of which the milling vial was opened to air.
effectively emit light in the visible region due to its high

band-gap energysually >8 eV). However, in the case of Milling N
the existence of various forms of oxygen deficiency intro- atmosphere/open  Milling Oxygen
duced either during preparation or by external irradiatfon, S@mple interval time (h)  content(at. %
both crystalline and amorphous Si@ay have luminescence gj.1.om ait/1 h 20 38.65
bands in the visible or UV region. The related PL bands have;i 11, air/l h 10 22 66
been reported at around 1.9, 2.2, 2.7, 3.1, and 4.3'&V. g, 5, air/2 h 20 2879
Many amorphous Si©samples with different Cl and OH ;5 41, air/2 h 10 14:93
contents 910 not exhibit these PL bands before gamma, - 14, air/3.3 h 10 10.36
iradiation. . - . Si-4-1(h argon/3.3 h 10 5.50
Recently, mechanical milling has been widely used to_. . s 20 412
prepare nanocrystalline metallic materididt has also been S! 5-2(h argo :
found that mechanical milling may be used to obtains’f"‘:"]Eh argor? 7.5 2.83
crystalline-to-amorphous ~ and/or  crystalline-to-nano-5"->"1-91 argor? 15 2.57

crystalline transformations for some semiconductor elezrpa milling vi : : -

. g vial was opened to air, then sealed in a glove box filled
me'nts., €.g. SGRefs. 27 and 2pand Ge%Q The 'p.artlal amor-ith argon gas before the subsequent milling.
phization of S'Q, I'nducegioby mechanical milling has ,befan bThe milling vial was sealed in a glove box filled with argon gas
reported by Steiniket al.™™ Moreover, a recent report indi- 4 milled. without opening, for the time listed.
cates that the Si-O-Si strained bond and paramagnetic defect ' '

centers may ble induced in a vibrating ball mill or agate MOryadiation(\=0.154 nm and a graphite monochromator. The
tar and pestlé: _ , __XPS spectra were taken using the Mg andbe=1256.6
This paper presents a study of PL from milled Si and;SiO ¢\/) and a CLAMII hemispherical energy analyzer from VG
powders. We sought to investigate the PL of mllle_zd_ Si pOW-\jicrotech. The chamber pressure for all measurements was
der becaus€l) mechanical milling offers the possibility for in the 10 %-Torr range. In addition to the Si powders inves-

production of large quantities of nanocrystalline materials fortigated a S001) wafer that had been HF etched was added
potential applications; and(2) we wish to understand if the 5 4 reference. The spectra were normalized identical peak

miIIing-ir_1duced nanocrystalline/amorphous structure of Sintensities. Raman spectra were excited with 150 mW of the
has an influence on the PL. We sought to study the PL 0514 5 nm line from an Ar ion laser, and the scattered light

milled Si0, because the Si-O-Si strained bond and paramagyas dispersed with a U1000 ISA double spectrometer. Infra-
netic defect centers formed by mechanical milling of SiO g apsorption spectroscopic study was carried out in an
may play an important role in the PL of SO IG-10 infrared spectroscope. About 0.5—1 mg of powder was
used for each measurement. The DTA was performed on a
Perkin-Elmer DTA instrument with flowing argon at a rate of
40 ml/min as purging gas. The heating rate was 40 K/min.
Commercial crystalline Si and SjQpowders purchased The DTA was operated in differential scanning calorimeter
from CERAC Inc. of nominal purity of 99.9% and 99.5% mode in order to obtain the value of heat release. Powders
and average particle size of 150 ang®, respectively, were (approximately 60 mgwere placed in an AD; crucible for
used as starting materials. In each milling experingeg of  DTA scans.
powder were placed into a hardened tool-steel vial together Samples for the PL measurements were prepared by
with 20 g of 440C martensitic stainless-steel balls of diam-pressing the powders into indium on a copper heat sink. Pho-
eter 6 and 8 mm. Mechanical milling was performed in atoexcitation measurements were performed using a continu-
high-energy Spex-8000 shaker mill at ambient temperatureQus argon ion laser operating at a wavelength of 488 nm, and
Si powder samples with different oxygen content rangingsample luminescence was measured using a 0.5-m spectrom-
from 2.57 to 38.65 at. % were prepared by controlled millingeter with a coupled S-1 photomultiplier. The PL measure-
time and atmospheréargon or aiy. The SiQ powder was ments were performed under both a vacuum better than 0.1
milled in an air atmosphere. The Si and Sibwders were Torr and air atmospher@60 Tory.
characterized by chemical analysis, x-ray diffract{®RD),
x-ray photoelectron spectrosco}PS), Raman scattering, Ill. RESULTS
infrared absorption, and differential thermal analy$3A)
techniques in order to obtain information on chemical com-
position, phase, chemical bond, and strain of the powder The Raman spectra of various Si powder samples are
samples. The measurements are also helpful for understanshown in Fig. 1. The as-received Btig. 1(a)] exhibits a
ing the mechanism of PL for the Si and Si@owder relatively sharp peak with a maximum at 519 chand full
samples. The oxygen content of the Si powder was measurewddth at half maximum(FWHM) of 7.3 cm !, associated
using a LECO TC-436 oxygen/nitrogen analyzer. The mill-with the well-known Raman-active mode of crystalline Si.
ing conditions and the oxygen content analysis for various SThe milled Si exhibits a shifted and broadened crystalline
samples are shown in Table I. X-ray diffraction was per-Raman peak with maximum and FWHM of 514 chand 15
formed with a Rigaku Geigerflex diffractometer with CweK cm™? for Si-5-1.%1 [Fig. 1(b)], and of 507-513 cm' and

Il. EXPERIMENT

A. Characterization of milled Si
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energy peak at about 99.2 eV. The Si-Ir2€ample only
shows a peak with a maximum at around 103 eV. The XPS
spectra with an energy range from 0 to 1200 (@dt shown
only indicate the existence of Si, oxygen, and carbon. No
nitrogen peak is detectable. Comparing the present results
with the XPS spectra for the Si-SjOnterfacé®° or Si
oxide after ion implantatiof? the lower-energy and higher-
energy peaks shown in Fig(&@ can be well ascribed to %i
and St” states, i.e., elemental Si and SiTThe relative peak
®) intensities between the Sp2and the SiQ feature remained
approximately the same for the as-received Si, Si-$r1ahd
Si-3-1th samples. The amount of Sj@onding increased for
© the Si-1-1& sample and all of the Si is incorporated into
SiO,, to the probing depth of XP&-5 nm), for the Si-1-20
h sample. It has also been indicat&dthat the Si suboxide
states, Si, S, and St" characterized by bonding to one,
two, or three oxygen atoms, can exist in the Si-SiO

(@)

Raman Intensity (arb. units)

@

@ interfacé®3%or Si oxide after ion implantation. The differ-
o ence between the binding energy for' SIS, and St*
200 300 400 500 600 states and that for the Sstate (elemental Sihas been re-
Raman Shift (cm!) ported to be 0.6-1.86, 1.5-2.93, and 2.6-3.63 eV,

respectively’®~*°The XPS peaks for these Si suboxide states
FIG. 1. Raman spectra of various Si powder samplas. as- exist in the spectral region between ,the Si andJ8aks.

received polycrystalline Sib), Si-5-1.5; (c), Si-5-7.5; (d), Si- For the Sl-l-l_ﬁ_ sample, the broad width of the peaks sug-
5-2th; and(e), Si-2-1Ch. gest that additional, smaller peaks are present. The peaks

present between the Sj@&nergy (103 eV) and the Si
19-22 cm? for Si-5-7.% [Fig. 1(c)], Si-5-2(h [Fig. 1(d)],  energy(99.2 eV} would indicate that silicon suboxides are
Si-2-1h [Fig. 1(e)], and all other samples listed in Table 1. present. In fact, the spectra shown in Fi¢g)2curves(b), (
The shape for the spectra of various milled Si samples ig), and(d) cannot be fitted by only the Si and Si@eaks,
similar. The milled Si also exhibits an additional broad regardless of whether the peak shape is Gaussian type or
lower-frequency peak with a maximum at around 480 &§m  Lorentzian type as analyzed by a Micro Origin 4.0 peak-
which is attributed to an amorphous Si comporit. The  fitting procedure. This indicates that the spectra consist of a
coexistence of amorphous and nanocrystalline componentsgnal component related to Si suboxide spectra contribu-
in the milled Si powders has also been verified by othettions between the Si and Sj@eaks.
experimental technigues, such as high-resolution electron The O 1s spectra, as shown in Figbg reveal similar
microscopy and differential scanning calorimetry, as re-information. Some physisorbed oxygen and oxygen bonded
ported previously® The volume fraction of the amorphous to silicon are present for all of the silicon powder samples.
Si component, as determined by the relation introduced byamples Si-5-11% Si-3-1(, and Si-1-16 display a small
Nemanichet al,** is 0%, 41%, and 50—57 % for as-received peak around 529.5 eV corresponding to carbon-oxygen
Si, Si-5-1.%, and all other milled Si samples listed in Table bonding, probably from atmospheric contamination. The
I, respectively. The amorphous component estimated frorhigh-peak intensity at 531 eV for sample Si-1R26uggests
the Raman spectra may include the disordered Si componethiat the majority of the oxygen present is integrated into
located at the grain boundaries. Thus, the actual fraction o8iO,.
amorphous phase could be smaller than the value estimated The as-received polycrystalline Si powder is composed of
from Raman spectr® The domain size, i.e., crystallite size, Si and a small amount of SiDThe SiG component appar-
can be estimated by the Raman linewidth and/or frequencgntly exists near the surface region of the powder particles
shift of the Raman peak related to large-grained crystallinelue to their exposure to air. The Si suboxide component may
Si.® The estimated crystallite size is 5 nm and 4-4.3 nm forexist near the region of the Si/Sjanterface®®~3°However,
Si-5-1.5h and all other milled Si listed in Table I, respec- the Si suboxide peak is not detectable in the XPS spectra of
tively. The high-resolution electron microscopy images,the as-received Si powder, indicating that the amount of
however, indicate that there exists a distributi@~20 nn) Si/SiO, interface and the related Si suboxide component is
for the crystallite size in milled Si powders. Thus, the crys-very small. When the Si powder is milled, more Sighd Si
tallite size estimated from the Raman spectra is an averagsiboxide phases are formed. The increased amount gf SiO
value. phases may be attributed to the fact that the milled Si has a

Displayed in Figs. &) and 2b) are the XPS spectra for much smaller particle size, about QB as evidenced by the

as-received and milled Si powders. As shown in Figa)2 scanning electron microscopy observattdwhen compared
curve(a), the as-received Si exhibits two peaks with maximawith the particle size, about 150m, of the as-received Si.
at around 99.2 and 103.3 eV. The XPS spectra for milled Sthus the amount of surface area and the related, 8&tn-
[Fig. 2(a), curves(b), (c), and (d)] and other Si samples ponent increases. The increased amount of Si suboxide com-
listed in Table | are very similar, i.e., all of the spectra ex-ponent may be related to the many Si/Sifterfaces that are
hibit a higher-energy peak at around 103 eV and a lowerformed from the repeated cold welding and fracture occur-
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106 104 102 100 98 9% 94 92 FIG. 3. Infrared absorption spectra for various Si powder
Binding energy (eV) samples.(a), as-received polycrystalline Sip), Si-5-1.5 h;(c),
Si-3-1(h; (d), Si-1-1(h; and(e), Si-1-2.
802 pnysisorbed ring during the milling. Furthermore, more frequent exposure
Oils oxygen of Si to air during milling will result in a larger amount of Si
M\ suboxide component. This may be related to the fact that
() more SiQ and thus more Si/SiQinterfacial area will be
(@) As received \‘W formed. . . N
polycrystalline Si /‘“\ Infrared spectra for various Si samples are shown in Fig.
3. It has been shovih that the Si-O band exhibits a peak
ranging from 980 to 1080 ciit depending on th& value in
(b) Si-5-1.5h SiQ, . It can be seen from Fig. 3 that a peak related to the
A\ Si-O band located near 1060—1070’dﬁcorresponding to
- SiO, with a compositiorx of 1.71 and 1.84, respectivély
s (¢) Si-3-10h k“ exists in the spectra for Si-3-b0 Si-1-1th, and Si-1-20
s ™ M\ samples. Although the XPS spectra shown in Fig. 2 indicate
'] that the Si-O band also exists in as-received Si and
£ @ S10n \\\4 Si-5-1.51 powder samples, the Si-O mode peak does not
—— — appear in the IR spectra for these two samples. This suggests
\ that the fraction of SiQand SiQ components in these two
) samples is too small to be detected in the IR spectra. The
(e) Si-1-20h \\«.W peaks at-2335-2361 and-1631—1636 cm'® could be re-
/M\ lated to CQ (Ref. 42 and GO, (Ref. 43 components, re-
(f) Si(001) HF etched spectively. In fact, the XPS spectfaot shown with a bind-
WWVWNWW\WWW ing energy ranging from 0 to 1200 eV indicate that there is
MRERASEN | LA Si, O, and C elements in the as-received and milled Si pow-

—
544 542 540 538 536 534 532
Binding energy (eV)

15,56 ders. Additionally, the IR spectra for all of the samples in-
vestigated exhibit a peak at3400 cm ! that may be related
to physically absorbed watét. There is no peak with fre-

FIG. 2. () XPS spectra of the siliconf2photoelectron energy duency ranging from 3500 to 3746 éﬂnfor any of our
region of (a), as-received polycrystalline silicofb), sample Si-5- Samples, suggesting that there is no Si-OH bonhflore-
1.51 (b); (c), Si-3-1h; (d), Si-1-1(h: (e), Si-1-20 h; and(f), over, no peak with its position in the range from_ 2(.)00.'[0
Si(001) after HF etching provided as a standard. The energies 0190 cm = was observed for any of the samples, indicating
interest are 99.2 eV for the Sip2bonding and 103.0 eV for Sip  that tﬂ;e samples do not contain a §j-kh=1,23...)

(b) XPS spectra of the oxygenslphotoelectron energy region of MOde:

(a), as-received polycrystalline silicorib), sample Si-5-1B; (

¢), Si-3-10 h;(d), Si-1-1(; (e), Si-1-2; and(f), Si(001) after HF

etching provided as a standard. The energies of interest are 531.5 Shown in Fig. 4 is the XRD patterns for mechanically

eV for physisorbed oxygen and 531.0 eV for $iO milled SiO, powders. The as-received powders can be well

T
530 528

B. Characterization of milled SiO,
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FIG. 4. XRD patterns for Si9powder after(a), 0 h; (b), 20 1 1 1
min; (c), 50 min; (d), 3 h; and(e) 10 h of milling. 100 200 300 400 500 600
Raman Shift (cm™)

ascribed to hexagonal-structure crystalline quartz. Broaden- FIG. 5. Raman spectra for Si(powder after(a), 0 h; (b), 20
ing of Bragg diffraction peaks with increased milling time is min: (c), 50 min; (d), 3 h; and(e), 10 h of milling.

observed. The grain size, as calculated from(ft@) Bragg
reflection linewidth using the Scherrer formtfias approxi-
mately 14 and 13 nm for SiQafter 3 and 10 h of milling,
respectively. A considerable amount of amorphous ,SiO
phase, with a broad diffuse peak betwe@00 and (101) Shown in Fig. 6 is the infrared spectra for the as-received
reflections, appears for Sj@nilled for 50 min, 3 h, and 10 h,  5n4 milled SiQ powder. Three peaks at around 470, 776,
as schematically indicated by the dashed lines shown in Figgnq 1070 criit relate to the well-known rocking, bending,
4. We do not observe an amorphous peak in the;&illed  and stretching Si-O modé8,and one peak near 3400 ¢

for 20 min. This is because the XRD technique typically related to physically absorbed waférwere observed. No

cannot detect an amorphous phase with volume fraction cfpectral peaks were observed in the range of 2000-2190
less than approximately 5%. Additionally, Fig. 4 shows that

the ball-milled SiQ powders contain a small amount of Fe
due to Fe debris formed during milling.

The Raman spectra shown in Fig. 5 indicate that the as-
received SiQ powders exhibit three peaks at around 200,
355, and 465 cm', respectively, which can be attributed to
the Si-O modes in crystalline Sid” Upon milling for 20
min, only a weak peak at around 465 chtan be seen in the
Raman spectra. The Raman spectra for,Sifber 50 min, 3
h, and 10 h do not reveal any peaks related to the crystalline
SiO, structure over the frequency range from 100 to 600
cm ! but instead exhibit some weak signals that are not eas-
ily distinguishable from the background. It has been sHdwn
that the Raman spectra of amorphous S&éhibit a very
asymmetric and broad peak from about 150 to 580 tm
with the peak maximum at about 430 cinwhile that of
crystalline SiQ exhibits three relatively sharp peaks over the
same frequency range. Moreover, the intensity of the peak

of amorphous structure that has been repeatedly subjected to
high stresses induced by ball-powder-ball and ball-powder-
wall collisions.

Relative Absorbance (arb. units)

maximum for amorphous silica is less than 10% of that for P TP S R T SR R SR SRR 1
crystalline silica’’ Furthermore, it has been indicated that 4100 3700 3300 2900 2500 2100 1700 1300 900 450
the peak maximum at about 430 cindecreases with in- Wave Number (cm™!)

creasing stres® Thus, the Raman spectrum for the $iO

powders after 50 min, 3 h, and 10 h of milling suggests that FIG. 6. Infrared spectra for Sidpowder after(a), 0 h; (b), 50
the milled SiQ powder consists of a relatively large amount min; and(c), 10 h of milling.
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700 800
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Heat Flow (arb. units) <ENDO

FIG. 8. PL spectra of Si powder measured in vacu(my, as-
received polycrystalline S{unmilled, 99.5% purity, 0.268 at. %
oxygen content (b), milled powder(7.5 h milling time, 2.83 at. %
oxygen content

I 1 | |
850 950 1050 1150 1250 1350

culated to be 0.25:0.54:1. The absolute value of volume frac-
Temperature (°C) tion of amorphous Si©after milling cannot be estimated
because the crystallization enthalpy of completely amor-
FIG. 7. DTA scans for Si@powder after(a), 0 h; (b), 20 min; ~ phous SiQ is not available in the literature.
(c), 50 min;(d), 3 h; and(e), 10 h of milling.

cm L indicating that the powders do not contain the Si-H C. PL from as-received and milled Si and SiQ powders
(n=1,2,3 ...) mode® Also, no peaks were observed inthe  The photoluminescence spectra faj as-received poly-
frequency range of 3520—3746 ch suggesting that there is crystalline Si(unmilled, 99.5% purity, 0.268% oxygen con-
no Si-OH bondind™* Thus, the mechanism for PL related to tent and(b) milled powder(7.5 h milling time, 2.83% oxy-
Si-H or Si-OH bonds should not be applicable in the presengen content are shown in Fig. 8. No light emission was
case. detected from a bulk crystalline Si sample for the same in-
The DTA scans of Si@samples are shown in Fig. 7. The tensity scale over the measured range from 660 to 1020 nm.
as-received Si®and SiQ milled for 20 min do not exhibit  All Si powders studied exhibited very similar photolumines-
detectable exothermic peaks. The gfg@wder milled for 50  cence spectra with peak positions at 890—-900(h/88—-1.39
min, 3 h, and 10 h show an exothermic peak with a maxi-eV) and FWHM of 180 nm0.31 eV).
mum at about 1108, 1113, and 1078 °C, respectively. The The photoluminescence spectra fa) as-received Si©
exothermic peak can be attributed to the crystallization of thgpowder(unmilled); (b) 20 min;(c) 50 min;(d) 3 h;(e) 10 h
amorphous Si@component into crystalline SiQOlt has been  milling times are shown in Fig. 9. The emission spectrum for
reported®>?that for amorphous SiQcrystallization begins as-received polycrystalline SjOpowder consists of two
at around 1000 °C. The direct evidence for the crystallization
has been verified as follows. The XRD patterns for the,SiO
powders milled for 10 h and heated to 1038[tlow the sio,
exothermic peak shown in Fig. 7, curge)] in the DTA oy
consist of a broad amorphous peak similar to that shown in
Fig. 4. Once the Sigpowders milled for 10 h were heated to
1100 °C[above the exothermic peak shown in Fig. 7, curve
(e)], the related XRD patterns show no broad peak related to
an amorphous component but only peaks for the crystalline
SiO, phases. Additionally, the relative amorphous volume
fraction of the milled SiQ powders can be estimated from
the heat release related to the crystallization peak. The heat
release related to the crystallization peak shown in Fig. 7,
curves(c), (d), and(e) was determined to be 7.0, 15.33, and
28.15 J/g, respectively. The volume fraction of amorphous
SiO, component in the milled SiQpowders is proportional

300k

€) 10 hours A
d) 3 hours _J

¢) 50 min.

L
L
L b) 20 min. ‘J
-

Relative Emission Intensity

600 700 800 900 1000

a) as received
| ISR SR

to the ratio of the heat of crystallization of milled Si@ow- Wavelength (nm)
ders to that of completely amorphous $ighases. Thus, the
relative ratio of volume fraction of amorphous Si€ompo- FIG. 9. PL spectra fofa), as-received Si@powder(unmilled);

nent for SiQ after 50 min, 3 h, and 10 h of milling is cal- (b), 20 min;(c), 50 min;(d), 3 h; (e), 10 h milling times.
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100 crystallite size of 5 nm as measured by the Raman linewidth,
— whereas the difference can be at least 385 nm for the as-
i received polycrystalline Si and the milled Si with a crystal-
e lite size of 4 nm as measured by the Raman linewidth. This
10} a” large difference in peak position, however, has not been ob-
yd served in the PL spectra for as-received and milled Si. Ad-
ditionally, infrared spectra indicate that there are no Si-H or
Si-OH bonds existing in the as-received and milled Si.
Therefore, PL resulting from Si-H or Si-OH bonds in our
pm samples can also be excluded.

Chemical analysis indicates that both the as-received Si
powder and milled Si powder contain some amount of oxy-
0 2 4 6 8 0 12 gen. The SiQand Si suboxide phases existing in the various

Milling Time (h) Si sa_mples_ have been verified by XPS gnd infrared spectra.

XPS is typically a surface analysis technique and the chemi-

. ) . . S cal information obtained is for the near-surface region with a
SioIZI.G. 10. Relative PL integrated intensity vs milling time for probing depth of about 5 nm. The XPS spectra indicate that
there exists a large amount of Si oxide and suboxide phases

competing peaks at 730.7 eV) and 780 nm(1.3 e\) witha  Near the surface region of the powder particles even for the
combined FWHM of 230 nn{0.50 e\j. The photolumines- SI Powder with an oxygen content of only 2.57 at(Sample
cence peaks shift to approximately 890 (39 e\) for the Si-5-1.31). Thus, it is very possible that the PL for as-
milled samples, and the FWHM changes to 180 (081 received and milled Si results from a similar origin, i.e., from
eV). A high-energy feature corresponding to 730 7 the Si oxide and suboxide phases near the surface region of
eV) remains for all milled samples regardiess of milling time the Si powder particles. The high-resolution electron micros-
and excitation energies. The overall integrated photoluminesSOPY images for the Si powder milled in argon show an
cence intensity increases by two orders of magnitude as tH¥morphous surface region up to 10 nm thigkCombining
milling time is increased from 0 to 10 h as shown in Fig. 10.this observation with the present XPS spectra, one can rea-
All of the above-mentioned PL spectra were measuredonably deduce that the surface region of Si powder particles
under a vacuum of 0.1 Torr. It was found that under excita!S Mmainly amorphous Si oxide and suboxides. The Si subox-
tion the PL from the as-received Si@as stable both in air ide is %gs;lbly concentrated near the interface of the Si oxide
and vacuum and the luminescence appeared orange in colgPd Si-> The bulk Si sample does not show a detectable
to the naked eye. The milled SjOhowever, exhibited no PL PL peak whereas the as-received Si powder does, indicating
in air. The PL, appearing red in color, measured undethat the PL peak can be detectable only when there exists a
vacuum for milled SiQ, was much less stable when com- considerable amount of Si oxide and suboxide phases. In
pared with the PL measured under vacuum for as-receiveffiCt: the oxygen content of the as-received Si powder is
Si0,. The visible and IR photoluminescence would disap-abOUt ten times that of the bulk Si sample. Moreover, the PL
pear and reappear when the milled SiPowders were spectra from amorphous Sj@hases resulting from milling
cycled between air atmosphere and vacuum. (to be discussed belgwexhibit very similar spectra shape,
position, and FWHM to those of the as-received and milled

Si powders. This suggests that the PL may result from a
similar light emission center in the near-surface amorphous
Raman spectra and the other experimental techniques r&i oxide and suboxide phases of as-received and milled Si
ported previousif indicate that polycrystalline Si trans- powder particles, and in the amorphous Sit®mponent of
forms into nanocrystalline/amorphous Si after mechanicamilled SiG,.
milling. The shape, FWHM, and peak maximum of the PL  The excitation energy employed for the PL spectra mea-
spectra for as-received polycrystalline Si and milling-surement is 2.54 e488 nm Ar" lase), which is much
induced nanocrystalline/amorphous Si are very similarlower than the band gap of Sj@=9 eV). Thus, the PL must
There is no amorphous component in the as-received Siesult from direct excitation at defects. It is knofbrthat
Thus, PL from amorphous Si can be excluded as the sourcgeveral kinds of defects, such &5 center, nonbridging oxy-
of the observed PL. The fact that the peak maxima for asgen hole centefNBOHC), and peroxy radicalE’ center,
received polycrystalline Si and milled nanocrystalline/ NBOHC, and peroxy radical can be denoted=aSiT, =Si-
amorphous Si are similar indicates that the quantum confineé®], and =Si-O-Of, respectively, where= stands for the
ment effect that might occur in nanocrystalline Si particlesbonding with three separate oxygen atoms dnsieans an
and porous Si could not be applicable to the PL of the milledunpaired spihexist in high-purity glasses and synthetic crys-
Si powders. Otherwise, there should exist an obvious differtal a-quartz. The lowest energy for the PL peak in silica
ence in the PL peak maximum for as-received polycrystalglasses has been reported to be in the 1.8—1.9 eV range that
line Si and milled nanocrystalline/amorphous Si. For ex-is believed to result from the NBOH®:>* The NBOHC in-
ample, according to the relationship between PL peak energguced PL has been recently used to explain the PL peak in
and crystallite size suggested by Takagahara and Tékedathe 1.7—1.8 eV range of porous &>’ The PL for the as-
the difference in PL peak maximum can be at least 190 nmieceived Si, milled Si, and SiCrould also result from such
for the as-received polycrystalline Si and milled Si with aNBOHC defects. The PL peak energy for as-milled Stat

Relative Intensity
~
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~1.4 eV. This energy is-0.4—0.5 eV less than the reported obvious influence on the excited state lifetinfiéherefore,
energy for silica glasse$>®and ~0.3-0.4 eV less than the the completely different behaviors of atmospheric pressure
reported energy for the peak of PL induced by NBOM&>”  dependence of PL for as-received and milled S#Dggest
In fact, although the red luminescence band for porous Si hathat some new defects could be formed by milling SyOw-
been generally reported to be in the 1.7—-1.8 eV range, sewers. The new defects in Sjinduced by milling exhibit a
eral groups have reported the luminescence band for porowdrong interaction with gas whereas the defects in as-received
Si at 1.44%8 1.5 or ranging from 0.8-2.5 e\(Ref. 59  SiO, do not. The fact that the PL peak energy and the related
depending on the preparation and the subsequent treatmepit color are different for as-received and milled Si@so
conditions. Thus, the slight redshift of the PL peak energysuggests that new emitting centers are formed after milling.
may be due to the special local environment of defects exFurther investigation is necessary to characterize the interac-
isting in the presently investigated powder. For example, théion between gas and emitting centers for Sfowders.
redshift of emission bands due to the small displacement of
the O ion from its lattice site and strong inte(action with the V. SUMMARY
surrounding ion® has been theoretically predicted. The pos-
sible contribution of defects, such as NBOHC, to the PL of The structural characterization and PL of as-received and
milled SiO, phases can further be verified as follows. milled Si and SiQ powders have been studied. The as-
The illuminescence intensity of the SiGample milled received and milled Si powder have a surface region with an
for 10 h is about one order of magnitude higher that that fomamorphous Si oxide and suboxide, the latter possibly existing
the sample milled fo3 h and two orders of magnitude higher in the Si/SiQ interface. The milling of crystalline Si results
than that of the sample milled for 50 min. However, the DTAin the formation of nanocrystalline Si with a crystallite size
analysis suggests that the volume fraction of the amorphousf about 4—5 nm, and an amorphous component. The milling
SiO, component in Si@ milled for 10 h is only two times of crystalline SiQ results in the formation of partially amor-
that of the sample milled fo3 h and four times that of the phous SiQ. The mechanisms for PL related to the quantum
sample milled for 50 min. This suggests that although theconfinement effect, an amorphous Si component, Si-H, or
increasing volume fraction of the amorphous Si@mpo-  Si-OH bond are excluded by the comparisons of the PL,
nent on milling can enhance the illuminescence intensity foRaman, and infrared spectra for as-received crystalline Si
SiO,, another factor may also make a considerable contribuand those for milling-induced nanocrystalline/amorphous Si.
tion to the greatly increased PL intensity of milled $iOhe  The PL intensity of SiQ powder exhibits a shift in peak
enhancement in illuminescence intensity could be related tposition and a large increase after milling. This may be re-
an increasing density of defects in the amorphous, $n-  lated to both the formation of an amorphous S@@mponent
ponent induced by mechanical milling. The mechanical mill-and the greatly increased density of defects in the amorphous
ing process results in repeated fracture and cold welding diO, component upon milling. The PL associated with Si-H
the powder particles that induces plastic deformation inor Si-OH bond for milled SiQ is excluded because of the
nominally brittle materials like SiQ?® The amorphous SiQ  infrared spectra results. In view of the fact that the PL spec-
component, once formed, will undergo such cyclic deformatra for as-received Si, milling-induced nanocrystalline/
tion upon further milling. The density of NBOHC defects amorphous Si, and milled Si@re similar, and that the com-
was reported to exhibit an increase of about'4@imes for  mon structural feature for all of these powder samples is the
amorphous SiQafter 2 h of milling.%* Therefore, both the existence of amorphous Si suboxide and/or S&@mpo-
greatly increased density of NBOHC defects in amorphousents, we suggest that defects, such as NBOHC, in amor-
SiO, regions formed upon milling and the growing volume phous Si suboxide and/or Sj@omponents could be respon-
fraction of the amorphous Sg&Zomponent could be respon- sible for the observed PL for as-received crystalline Si,
sible for the increasing intensity of PL for milled Si@ith milling-induced nanocrystalline/amorphous Si, and milled
milling time. SiO, powder. The influence of atmospheric pressure on the
The atmosphere during measurement has an obvious ifeL for as-received and milled Sjds completely different,
fluence on the PL behavior of milled SjOThe PL behavior suggesting that new defects acting as emitting centers may
for milled SiG, is similar to that for Si powder grown by be formed during the milling.
plasma-enhanced chemical vapor depositfare., the PL is
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