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Photoluminescence from mechanically milled Si and SiO2 powders
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The photoluminescence~PL! in as-received and milled Si and SiO2 powder is reported. The Si and SiO2
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 SiO2 component is formed by milling crystalline SiO2. The PL
spectra for as-received Si, milled Si, and SiO2 powder 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 SiO2 powder mechanisms for PL do not appear related to Si-H or
Si-OH bonds. Instead the greatly increased intensity of PL for milled SiO2 can be related to both the increased
volume fraction of the amorphous SiO2 component and the increased density of defects introduced in the
amorphous SiO2 upon milling. It is suggested that the PL for as-received Si, milling-induced nanocrystalline/
amorphous Si, and milled SiO2 results from defects, such as the nonbridging oxygen hole center, in the
amorphous Si suboxide and/or SiO2 components existing in these powder samples. The PL measurement for
milled SiO2 is dependent on air pressure whereas that for as-received SiO2 is not, suggesting that new emitting
centers are formed by milling.@S0163-1829~97!00311-1#
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I. INTRODUCTION

Si and SiO2 are the core materials of the semiconduc
industry. Since Canham’s report1 in 1990, there has been
great interest in the light emission from porous silicon1–9

because of possible applications for light-emitting devic
Visible photoluminescence~PL! has also been found in ul
trafine Si particles10,11and nanocrystalline Si films.12–14Dif-
ferent mechanisms or models have been proposed for
visible PL in porous Si, such as~1! a quantum size
effect,1–4,14~2! the presence of amorphous silicon,5 ~3! emis-
sion from molecular species such as siloxene6 or polysilane,7

~4! the effect of silicon hydride,8 ~5! the effect of the non-
550163-1829/97/55~12!/7615~9!/$10.00
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bridging oxygen hole center~NBOHC!,9 etc. It has also been
indicated recently that the silicon oxides may play an imp
tant role in the PL of porous Si and nanocrystalline Si, e
the strongly oxidized porous Si and nanocrystalline
samples show yellow/red and green/blue luminescence.15 It
is believed that the green/blue luminescence may be ass
ated with the adsorption of OH groups in the silic
network;15,16 with the radiative recombination of exciton
confined in the crystalline Si~c-Si! core in the crystallite;17

or with the siloxene and/or SiO2 on porous Si surfaces.
18 As

for the yellow/red luminescence, it has been suggested th
may result from an O-terminated Si surface layer,17 from
some light-emitting centers in the Si oxide films,19 from
7615 © 1997 The American Physical Society
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Si-OH bonds,20 or from quantum confinement effects of rem
nant Si walls of porous Si.18

As for the SiO2, it is suggested that the SiO2 itself cannot
effectively emit light in the visible region due to its hig
band-gap energy~usually.8 eV!. However, in the case o
the existence of various forms of oxygen deficiency int
duced either during preparation or by external irradiation21

both crystalline and amorphous SiO2 may have luminescenc
bands in the visible or UV region. The related PL bands h
been reported at around 1.9, 2.2, 2.7, 3.1, and 4.3 eV.21–25

Many amorphous SiO2 samples with different Cl and OH
contents do not exhibit these PL bands before gam
irradiation.21

Recently, mechanical milling has been widely used
prepare nanocrystalline metallic materials.26 It has also been
found that mechanical milling may be used to obta
crystalline-to-amorphous and/or crystalline-to-nan
crystalline transformations for some semiconductor e
ments, e.g., Si~Refs. 27 and 28! and Ge.29 The partial amor-
phization of SiO2 induced by mechanical milling has bee
reported by Steinikeet al.30 Moreover, a recent report indi
cates that the Si-O-Si strained bond and paramagnetic d
centers may be induced in a vibrating ball mill or agate m
tar and pestle.31

This paper presents a study of PL from milled Si and S2
powders. We sought to investigate the PL of milled Si po
der because~1! mechanical milling offers the possibility fo
production of large quantities of nanocrystalline materials
potential applications,26 and~2! we wish to understand if the
milling-induced nanocrystalline/amorphous structure of
has an influence on the PL. We sought to study the PL
milled SiO2 because the Si-O-Si strained bond and param
netic defect centers formed by mechanical milling of Si2
may play an important role in the PL of SiO2.

II. EXPERIMENT

Commercial crystalline Si and SiO2 powders purchased
from CERAC Inc. of nominal purity of 99.9% and 99.5%
and average particle size of 150 and 5mm, respectively, were
used as starting materials. In each milling experiment 2 g of
powder were placed into a hardened tool-steel vial toge
with 20 g of 440C martensitic stainless-steel balls of dia
eter 6 and 8 mm. Mechanical milling was performed in
high-energy Spex-8000 shaker mill at ambient temperat
Si powder samples with different oxygen content rang
from 2.57 to 38.65 at. % were prepared by controlled milli
time and atmosphere~argon or air!. The SiO2 powder was
milled in an air atmosphere. The Si and SiO2 powders were
characterized by chemical analysis, x-ray diffraction~XRD!,
x-ray photoelectron spectroscopy~XPS!, Raman scattering
infrared absorption, and differential thermal analysis~DTA!
techniques in order to obtain information on chemical co
position, phase, chemical bond, and strain of the pow
samples. The measurements are also helpful for underst
ing the mechanism of PL for the Si and SiO2 powder
samples. The oxygen content of the Si powder was meas
using a LECO TC-436 oxygen/nitrogen analyzer. The m
ing conditions and the oxygen content analysis for various
samples are shown in Table I. X-ray diffraction was p
formed with a Rigaku Geigerflex diffractometer with Cu Ka
-

e

a

o

-
-

ect
-

-

r

i
f
g-

er
-

e.
g

-
er
nd-

ed
-
i
-

radiation~l50.154 nm! and a graphite monochromator. Th
XPS spectra were taken using the Mg anode~hn51256.6
eV! and a CLAMII hemispherical energy analyzer from V
Microtech. The chamber pressure for all measurements
in the 1029-Torr range. In addition to the Si powders inve
tigated, a Si~001! wafer that had been HF etched was add
as a reference. The spectra were normalized identical p
intensities. Raman spectra were excited with 150 mW of
514.5 nm line from an Ar ion laser, and the scattered lig
was dispersed with a U1000 ISA double spectrometer. In
red absorption spectroscopic study was carried out in
IG-10 infrared spectroscope. About 0.5–1 mg of powder w
used for each measurement. The DTA was performed o
Perkin-Elmer DTA instrument with flowing argon at a rate
40 ml/min as purging gas. The heating rate was 40 K/m
The DTA was operated in differential scanning calorime
mode in order to obtain the value of heat release. Powd
~approximately 60 mg! were placed in an Al2O3 crucible for
DTA scans.

Samples for the PL measurements were prepared
pressing the powders into indium on a copper heat sink. P
toexcitation measurements were performed using a cont
ous argon ion laser operating at a wavelength of 488 nm,
sample luminescence was measured using a 0.5-m spect
eter with a coupled S-1 photomultiplier. The PL measu
ments were performed under both a vacuum better than
Torr and air atmosphere~760 Torr!.

III. RESULTS

A. Characterization of milled Si

The Raman spectra of various Si powder samples
shown in Fig. 1. The as-received Si@Fig. 1~a!# exhibits a
relatively sharp peak with a maximum at 519 cm21 and full
width at half maximum~FWHM! of 7.3 cm21, associated
with the well-known Raman-active mode of crystalline S
The milled Si exhibits a shifted and broadened crystall
Raman peak with maximum and FWHM of 514 cm21 and 15
cm21 for Si-5-1.5h @Fig. 1~b!#, and of 507–513 cm21 and

TABLE I. Sample, milling atmosphere, milling time, and oxy
gen content for Si powder. The open interval indicates the ti
interval at the end of which the milling vial was opened to air.

Sample

Milling
atmosphere/open

interval
Milling
time ~h!

Oxygen
content~at.%!

Si-1-20h air/1 h 20 38.65
Si-1-10h air/1 h 10 22.66
Si-2-20h air/2 h 20 28.79
Si-2-10h air/2 h 10 14.93
Si-3-10h air/3.3 h 10 10.36
Si-4-10h argon/3.3 ha 10 5.50
Si-5-20h argonb 20 4.12
Si-5-7.5h argonb 7.5 2.83
Si-5-1.5h argonb 1.5 2.57

aThe milling vial was opened to air, then sealed in a glove box fil
with argon gas before the subsequent milling.
bThe milling vial was sealed in a glove box filled with argon g
and milled, without opening, for the time listed.
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19–22 cm21 for Si-5-7.5h @Fig. 1~c!#, Si-5-20h @Fig. 1~d!#,
Si-2-10h @Fig. 1~e!#, and all other samples listed in Table
The shape for the spectra of various milled Si sample
similar. The milled Si also exhibits an additional broa
lower-frequency peak with a maximum at around 480 cm21,
which is attributed to an amorphous Si component.32,33 The
coexistence of amorphous and nanocrystalline compon
in the milled Si powders has also been verified by ot
experimental techniques, such as high-resolution elec
microscopy and differential scanning calorimetry, as
ported previously.28 The volume fraction of the amorphou
Si component, as determined by the relation introduced
Nemanichet al.,34 is 0%, 41%, and 50–57 % for as-receive
Si, Si-5-1.5h, and all other milled Si samples listed in Tab
I, respectively. The amorphous component estimated f
the Raman spectra may include the disordered Si compo
located at the grain boundaries. Thus, the actual fraction
amorphous phase could be smaller than the value estim
from Raman spectra.28 The domain size, i.e., crystallite size
can be estimated by the Raman linewidth and/or freque
shift of the Raman peak related to large-grained crystal
Si.35 The estimated crystallite size is 5 nm and 4–4.3 nm
Si-5-1.5h and all other milled Si listed in Table I, respe
tively. The high-resolution electron microscopy image
however, indicate that there exists a distribution~3–20 nm!
for the crystallite size in milled Si powders. Thus, the cry
tallite size estimated from the Raman spectra is an ave
value.

Displayed in Figs. 2~a! and 2~b! are the XPS spectra fo
as-received and milled Si powders. As shown in Fig. 2~a!,
curve~a!, the as-received Si exhibits two peaks with maxim
at around 99.2 and 103.3 eV. The XPS spectra for milled
@Fig. 2~a!, curves ~b!, ~c!, and ~d!# and other Si sample
listed in Table I are very similar, i.e., all of the spectra e
hibit a higher-energy peak at around 103 eV and a low

FIG. 1. Raman spectra of various Si powder samples.~a!, as-
received polycrystalline Si;~b!, Si-5-1.5h; ~c!, Si-5-7.5h; ~d!, Si-
5-20h; and ~e!, Si-2-10h.
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energy peak at about 99.2 eV. The Si-1-20h sample only
shows a peak with a maximum at around 103 eV. The X
spectra with an energy range from 0 to 1200 eV~not shown!
only indicate the existence of Si, oxygen, and carbon.
nitrogen peak is detectable. Comparing the present res
with the XPS spectra for the Si-SiO2 interface36–39 or Si
oxide after ion implantation,40 the lower-energy and higher
energy peaks shown in Fig. 2~a! can be well ascribed to Si0

and Si41 states, i.e., elemental Si and SiO2. The relative peak
intensities between the Si 2p and the SiO2 feature remained
approximately the same for the as-received Si, Si-5-1.5h, and
Si-3-10h samples. The amount of SiO2 bonding increased for
the Si-1-10h sample and all of the Si is incorporated in
SiO2, to the probing depth of XPS~;5 nm!, for the Si-1-20
h sample. It has also been indicated36–40that the Si suboxide
states, Si1, Si21, and Si31 characterized by bonding to one
two, or three oxygen atoms, can exist in the Si-Si2
interface36–39 or Si oxide after ion implantation. The differ
ence between the binding energy for Si1, Si21, and Si31

states and that for the Si0 state~elemental Si! has been re-
ported to be 0.6–1.86, 1.5–2.93, and 2.6–3.63 e
respectively.36–40The XPS peaks for these Si suboxide sta
exist in the spectral region between the Si and SiO2 peaks.
For the Si-1-10h sample, the broad width of the peaks su
gest that additional, smaller peaks are present. The p
present between the SiO2 energy ~103 eV! and the Si 2p
energy~99.2 eV! would indicate that silicon suboxides ar
present. In fact, the spectra shown in Fig. 2~a!, curves~b!, ~
c!, and ~d! cannot be fitted by only the Si and SiO2 peaks,
regardless of whether the peak shape is Gaussian typ
Lorentzian type as analyzed by a Micro Origin 4.0 pea
fitting procedure. This indicates that the spectra consist o
signal component related to Si suboxide spectra contr
tions between the Si and SiO2 peaks.

The O 1s spectra, as shown in Fig. 2~b!, reveal similar
information. Some physisorbed oxygen and oxygen bon
to silicon are present for all of the silicon powder sampl
Samples Si-5-1.5h, Si-3-10h, and Si-1-10h display a small
peak around 529.5 eV corresponding to carbon-oxyg
bonding, probably from atmospheric contamination. T
high-peak intensity at 531 eV for sample Si-1-20h suggests
that the majority of the oxygen present is integrated in
SiO2.

The as-received polycrystalline Si powder is composed
Si and a small amount of SiO2. The SiO2 component appar-
ently exists near the surface region of the powder partic
due to their exposure to air. The Si suboxide component m
exist near the region of the Si/SiO2 interface.

36–39However,
the Si suboxide peak is not detectable in the XPS spectr
the as-received Si powder, indicating that the amount
Si/SiO2 interface and the related Si suboxide componen
very small. When the Si powder is milled, more SiO2 and Si
suboxide phases are formed. The increased amount of2
phases may be attributed to the fact that the milled Si ha
much smaller particle size, about 0.5mm as evidenced by the
scanning electron microscopy observation,28 when compared
with the particle size, about 150mm, of the as-received Si
Thus the amount of surface area and the related SiO2 com-
ponent increases. The increased amount of Si suboxide c
ponent may be related to the many Si/SiO2 interfaces that are
formed from the repeated cold welding and fracture occ
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FIG. 2. ~a! XPS spectra of the silicon 2p photoelectron energy
region of ~a!, as-received polycrystalline silicon;~b!, sample Si-5-
1.5h ~b!; ~c!, Si-3-10h; ~d!, Si-1-10h; ~e!, Si-1-20 h; and~f !,
Si~001! after HF etching provided as a standard. The energie
interest are 99.2 eV for the Si 2p bonding and 103.0 eV for SiO2.
~b! XPS spectra of the oxygen 1s photoelectron energy region o
(a), as-received polycrystalline silicon;~b!, sample Si-5-1.5h; ~
c!, Si-3-10 h;~d!, Si-1-10h; ~e!, Si-1-20h; and~f !, Si~001! after HF
etching provided as a standard. The energies of interest are 5
eV for physisorbed oxygen and 531.0 eV for SiO2.
ring during the milling. Furthermore, more frequent exposu
of Si to air during milling will result in a larger amount of S
suboxide component. This may be related to the fact t
more SiO2 and thus more Si/SiO2 interfacial area will be
formed.

Infrared spectra for various Si samples are shown in F
3. It has been shown41 that the Si-O band exhibits a pea
ranging from 980 to 1080 cm21 depending on thex value in
SiOx . It can be seen from Fig. 3 that a peak related to
Si-O band located near 1060–1070 cm21 ~corresponding to
SiOx with a compositionx of 1.71 and 1.84, respectively41!
exists in the spectra for Si-3-10h, Si-1-10h, and Si-1-20h
samples. Although the XPS spectra shown in Fig. 2 indic
that the Si-O band also exists in as-received Si a
Si-5-1.5h powder samples, the Si-O mode peak does
appear in the IR spectra for these two samples. This sugg
that the fraction of SiO2 and SiOx components in these two
samples is too small to be detected in the IR spectra.
peaks at;2335–2361 and;1631–1636 cm21 could be re-
lated to CO2 ~Ref. 42! and C3O2 ~Ref. 43! components, re-
spectively. In fact, the XPS spectra~not shown! with a bind-
ing energy ranging from 0 to 1200 eV indicate that there
Si, O, and C elements in the as-received and milled Si p
ders. Additionally, the IR spectra for all of the samples
vestigated exhibit a peak at;3400 cm21 that may be related
to physically absorbed water.44 There is no peak with fre-
quency ranging from 3500 to 3746 cm21 for any of our
samples, suggesting that there is no Si-OH bond.44 More-
over, no peak with its position in the range from 2000
2190 cm21 was observed for any of the samples, indicati
that the samples do not contain a Si-Hn ~n51,2,3, . . . !
mode.45

B. Characterization of milled SiO2

Shown in Fig. 4 is the XRD patterns for mechanica
milled SiO2 powders. The as-received powders can be w

of

1.5

FIG. 3. Infrared absorption spectra for various Si powd
samples.~a!, as-received polycrystalline Si;~b!, Si-5-1.5 h; ~c!,
Si-3-10h; ~d!, Si-1-10h; and ~e!, Si-1-20h.
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ascribed to hexagonal-structure crystalline quartz. Broad
ing of Bragg diffraction peaks with increased milling time
observed. The grain size, as calculated from the~101! Bragg
reflection linewidth using the Scherrer formula46 is approxi-
mately 14 and 13 nm for SiO2 after 3 and 10 h of milling,
respectively. A considerable amount of amorphous S2
phase, with a broad diffuse peak between~100! and ~101!
reflections, appears for SiO2 milled for 50 min, 3 h, and 10 h
as schematically indicated by the dashed lines shown in
4. We do not observe an amorphous peak in the SiO2 milled
for 20 min. This is because the XRD technique typica
cannot detect an amorphous phase with volume fraction
less than approximately 5%. Additionally, Fig. 4 shows th
the ball-milled SiO2 powders contain a small amount of F
due to Fe debris formed during milling.

The Raman spectra shown in Fig. 5 indicate that the
received SiO2 powders exhibit three peaks at around 20
355, and 465 cm21, respectively, which can be attributed
the Si-O modes in crystalline SiO2.

47 Upon milling for 20
min, only a weak peak at around 465 cm21 can be seen in the
Raman spectra. The Raman spectra for SiO2 after 50 min, 3
h, and 10 h do not reveal any peaks related to the crysta
SiO2 structure over the frequency range from 100 to 6
cm21 but instead exhibit some weak signals that are not e
ily distinguishable from the background. It has been show47

that the Raman spectra of amorphous SiO2 exhibit a very
asymmetric and broad peak from about 150 to 580 cm21

with the peak maximum at about 430 cm21 while that of
crystalline SiO2 exhibits three relatively sharp peaks over t
same frequency range. Moreover, the intensity of the p
maximum for amorphous silica is less than 10% of that
crystalline silica.47 Furthermore, it has been indicated th
the peak maximum at about 430 cm21 decreases with in-
creasing stress.48 Thus, the Raman spectrum for the SiO2
powders after 50 min, 3 h, and 10 h of milling suggests t
the milled SiO2 powder consists of a relatively large amou

FIG. 4. XRD patterns for SiO2 powder after~a!, 0 h; ~b!, 20
min; ~c!, 50 min; ~d!, 3 h; and~e! 10 h of milling.
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of amorphous structure that has been repeatedly subjecte
high stresses induced by ball-powder-ball and ball-powd
wall collisions.

Shown in Fig. 6 is the infrared spectra for the as-receiv
and milled SiO2 powder. Three peaks at around 470, 77
and 1070 cm21 relate to the well-known rocking, bending
and stretching Si-O modes,49 and one peak near 3400 cm21

related to physically absorbed water,44 were observed. No
spectral peaks were observed in the range of 2000–2

FIG. 5. Raman spectra for SiO2 powder after~a!, 0 h; ~b!, 20
min; ~c!, 50 min; ~d!, 3 h; and~e!, 10 h of milling.

FIG. 6. Infrared spectra for SiO2 powder after~a!, 0 h; ~b!, 50
min; and~c!, 10 h of milling.
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cm21, indicating that the powders do not contain the Si-n
~n51,2,3, . . . ! mode.45 Also, no peaks were observed in th
frequency range of 3520–3746 cm21, suggesting that there i
no Si-OH bonding.44 Thus, the mechanism for PL related
Si-H or Si-OH bonds should not be applicable in the pres
case.

The DTA scans of SiO2 samples are shown in Fig. 7. Th
as-received SiO2 and SiO2 milled for 20 min do not exhibit
detectable exothermic peaks. The SiO2 powder milled for 50
min, 3 h, and 10 h show an exothermic peak with a ma
mum at about 1108, 1113, and 1078 °C, respectively.
exothermic peak can be attributed to the crystallization of
amorphous SiO2 component into crystalline SiO2. It has been
reported50–52 that for amorphous SiO2 crystallization begins
at around 1000 °C. The direct evidence for the crystallizat
has been verified as follows. The XRD patterns for the S2
powders milled for 10 h and heated to 1038 °C@below the
exothermic peak shown in Fig. 7, curve~e!# in the DTA
consist of a broad amorphous peak similar to that shown
Fig. 4. Once the SiO2 powders milled for 10 h were heated
1100 °C@above the exothermic peak shown in Fig. 7, cur
(e!#, the related XRD patterns show no broad peak relate
an amorphous component but only peaks for the crystal
SiO2 phases. Additionally, the relative amorphous volum
fraction of the milled SiO2 powders can be estimated fro
the heat release related to the crystallization peak. The
release related to the crystallization peak shown in Fig
curves~c!, ~d!, and~e! was determined to be 7.0, 15.33, a
28.15 J/g, respectively. The volume fraction of amorpho
SiO2 component in the milled SiO2 powders is proportiona
to the ratio of the heat of crystallization of milled SiO2 pow-
ders to that of completely amorphous SiO2 phases. Thus, the
relative ratio of volume fraction of amorphous SiO2 compo-
nent for SiO2 after 50 min, 3 h, and 10 h of milling is cal

FIG. 7. DTA scans for SiO2 powder after~a!, 0 h; ~b!, 20 min;
~c!, 50 min; ~d!, 3 h; and~e!, 10 h of milling.
t
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culated to be 0.25:0.54:1. The absolute value of volume fr
tion of amorphous SiO2 after milling cannot be estimate
because the crystallization enthalpy of completely am
phous SiO2 is not available in the literature.

C. PL from as-received and milled Si and SiO2 powders

The photoluminescence spectra for~a! as-received poly-
crystalline Si~unmilled, 99.5% purity, 0.268% oxygen con
tent! and~b! milled powder~7.5 h milling time, 2.83% oxy-
gen content! are shown in Fig. 8. No light emission wa
detected from a bulk crystalline Si sample for the same
tensity scale over the measured range from 660 to 1020
All Si powders studied exhibited very similar photolumine
cence spectra with peak positions at 890–900 nm~1.38–1.39
eV! and FWHM of 180 nm~0.31 eV!.

The photoluminescence spectra for~a! as-received SiO2
powder~unmilled!; ~b! 20 min; ~c! 50 min; ~d! 3 h; ~e! 10 h
milling times are shown in Fig. 9. The emission spectrum
as-received polycrystalline SiO2 powder consists of two

FIG. 8. PL spectra of Si powder measured in vacuum.~a!, as-
received polycrystalline Si~unmilled, 99.5% purity, 0.268 at. %
oxygen content!; ~b!, milled powder~7.5 h milling time, 2.83 at. %
oxygen content!.

FIG. 9. PL spectra for~a!, as-received SiO2 powder~unmilled!;
~b!, 20 min; ~c!, 50 min; ~d!, 3 h; ~e!, 10 h milling times.
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competing peaks at 730~1.7 eV! and 780 nm~1.3 eV! with a
combined FWHM of 230 nm~0.50 eV!. The photolumines-
cence peaks shift to approximately 890 nm~1.39 eV! for the
milled samples, and the FWHM changes to 180 nm~0.31
eV!. A high-energy feature corresponding to 730 nm~1.7
eV! remains for all milled samples regardless of milling tim
and excitation energies. The overall integrated photolumin
cence intensity increases by two orders of magnitude as
milling time is increased from 0 to 10 h as shown in Fig. 1

All of the above-mentioned PL spectra were measu
under a vacuum of 0.1 Torr. It was found that under exc
tion the PL from the as-received SiO2 was stable both in air
and vacuum and the luminescence appeared orange in
to the naked eye. The milled SiO2, however, exhibited no PL
in air. The PL, appearing red in color, measured un
vacuum for milled SiO2, was much less stable when com
pared with the PL measured under vacuum for as-rece
SiO2. The visible and IR photoluminescence would disa
pear and reappear when the milled SiO2 powders were
cycled between air atmosphere and vacuum.

IV. DISCUSSION

Raman spectra and the other experimental technique
ported previously28 indicate that polycrystalline Si trans
forms into nanocrystalline/amorphous Si after mechan
milling. The shape, FWHM, and peak maximum of the P
spectra for as-received polycrystalline Si and millin
induced nanocrystalline/amorphous Si are very simi
There is no amorphous component in the as-received
Thus, PL from amorphous Si can be excluded as the so
of the observed PL. The fact that the peak maxima for
received polycrystalline Si and milled nanocrystallin
amorphous Si are similar indicates that the quantum confi
ment effect that might occur in nanocrystalline Si partic
and porous Si could not be applicable to the PL of the mil
Si powders. Otherwise, there should exist an obvious dif
ence in the PL peak maximum for as-received polycrys
line Si and milled nanocrystalline/amorphous Si. For e
ample, according to the relationship between PL peak ene
and crystallite size suggested by Takagahara and Toke53

the difference in PL peak maximum can be at least 190
for the as-received polycrystalline Si and milled Si with

FIG. 10. Relative PL integrated intensity vs milling time fo
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crystallite size of 5 nm as measured by the Raman linewid
whereas the difference can be at least 385 nm for the
received polycrystalline Si and the milled Si with a crysta
lite size of 4 nm as measured by the Raman linewidth. T
large difference in peak position, however, has not been
served in the PL spectra for as-received and milled Si. A
ditionally, infrared spectra indicate that there are no Si-H
Si-OH bonds existing in the as-received and milled
Therefore, PL resulting from Si-H or Si-OH bonds in o
samples can also be excluded.

Chemical analysis indicates that both the as-received
powder and milled Si powder contain some amount of o
gen. The SiO2 and Si suboxide phases existing in the vario
Si samples have been verified by XPS and infrared spec
XPS is typically a surface analysis technique and the che
cal information obtained is for the near-surface region wit
probing depth of about 5 nm. The XPS spectra indicate t
there exists a large amount of Si oxide and suboxide pha
near the surface region of the powder particles even for
Si powder with an oxygen content of only 2.57 at. %~sample
Si-5-1.5h!. Thus, it is very possible that the PL for a
received and milled Si results from a similar origin, i.e., fro
the Si oxide and suboxide phases near the surface regio
the Si powder particles. The high-resolution electron micr
copy images for the Si powder milled in argon show
amorphous surface region up to 10 nm thick.28 Combining
this observation with the present XPS spectra, one can
sonably deduce that the surface region of Si powder parti
is mainly amorphous Si oxide and suboxides. The Si sub
ide is possibly concentrated near the interface of the Si ox
and Si.36–39 The bulk Si sample does not show a detecta
PL peak whereas the as-received Si powder does, indica
that the PL peak can be detectable only when there exis
considerable amount of Si oxide and suboxide phases
fact, the oxygen content of the as-received Si powder
about ten times that of the bulk Si sample. Moreover, the
spectra from amorphous SiO2 phases resulting from milling
~to be discussed below! exhibit very similar spectra shape
position, and FWHM to those of the as-received and mil
Si powders. This suggests that the PL may result from
similar light emission center in the near-surface amorph
Si oxide and suboxide phases of as-received and milled
powder particles, and in the amorphous SiO2 component of
milled SiO2.

The excitation energy employed for the PL spectra m
surement is 2.54 eV~488 nm Ar1 laser!, which is much
lower than the band gap of SiO2 ~>9 eV!. Thus, the PL must
result from direct excitation at defects. It is known21 that
several kinds of defects, such asE8 center, nonbridging oxy-
gen hole center~NBOHC!, and peroxy radical~E8 center,
NBOHC, and peroxy radical can be denoted aswSi↑,wSi-
O↑, andwSi-O-O↑, respectively, wherew stands for the
bonding with three separate oxygen atoms and↑ means an
unpaired spin! exist in high-purity glasses and synthetic cry
tal a-quartz. The lowest energy for the PL peak in sili
glasses has been reported to be in the 1.8–1.9 eV range
is believed to result from the NBOHC.54,55The NBOHC in-
duced PL has been recently used to explain the PL pea
the 1.7–1.8 eV range of porous Si.9,56,57The PL for the as-
received Si, milled Si, and SiO2 could also result from such
NBOHC defects. The PL peak energy for as-milled SiO2 is at
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;1.4 eV. This energy is;0.4–0.5 eV less than the reporte
energy for silica glasses54,55 and;0.3–0.4 eV less than th
reported energy for the peak of PL induced by NBOHC.9,56,57

In fact, although the red luminescence band for porous Si
been generally reported to be in the 1.7–1.8 eV range,
eral groups have reported the luminescence band for po
Si at 1.44,58 1.5,56 or ranging from 0.8–2.5 eV~Ref. 59!
depending on the preparation and the subsequent treat
conditions. Thus, the slight redshift of the PL peak ene
may be due to the special local environment of defects
isting in the presently investigated powder. For example,
redshift of emission bands due to the small displacemen
the O ion from its lattice site and strong interaction with t
surrounding ions60 has been theoretically predicted. The po
sible contribution of defects, such as NBOHC, to the PL
milled SiO2 phases can further be verified as follows.

The illuminescence intensity of the SiO2 sample milled
for 10 h is about one order of magnitude higher that that
the sample milled for 3 h and two orders of magnitude high
than that of the sample milled for 50 min. However, the DT
analysis suggests that the volume fraction of the amorph
SiO2 component in SiO2 milled for 10 h is only two times
that of the sample milled for 3 h and four times that of the
sample milled for 50 min. This suggests that although
increasing volume fraction of the amorphous SiO2 compo-
nent on milling can enhance the illuminescence intensity
SiO2, another factor may also make a considerable contr
tion to the greatly increased PL intensity of milled SiO2. The
enhancement in illuminescence intensity could be relate
an increasing density of defects in the amorphous SiO2 com-
ponent induced by mechanical milling. The mechanical m
ing process results in repeated fracture and cold weldin
the powder particles that induces plastic deformation
nominally brittle materials like SiO2.

26 The amorphous SiO2
component, once formed, will undergo such cyclic deform
tion upon further milling. The density of NBOHC defec
was reported to exhibit an increase of about 1014 times for
amorphous SiO2 after 2 h of milling.61 Therefore, both the
greatly increased density of NBOHC defects in amorph
SiO2 regions formed upon milling and the growing volum
fraction of the amorphous SiO2 component could be respon
sible for the increasing intensity of PL for milled SiO2 with
milling time.

The atmosphere during measurement has an obviou
fluence on the PL behavior of milled SiO2. The PL behavior
for milled SiO2 is similar to that for Si powder grown by
plasma-enhanced chemical vapor deposition,62 i.e., the PL is
only detectable under vacuum conditions of measurem
and diminishes exponentially with the residual Ar or He g
pressure. It has been suggested62 that the existence of ga
results in an interaction between the gas molecules and
emitting centers. Furthermore, the gas pressure exhibite
d
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obvious influence on the excited state lifetimes.62 Therefore,
the completely different behaviors of atmospheric press
dependence of PL for as-received and milled SiO2 suggest
that some new defects could be formed by milling SiO2 pow-
ders. The new defects in SiO2 induced by milling exhibit a
strong interaction with gas whereas the defects in as-rece
SiO2 do not. The fact that the PL peak energy and the rela
PL color are different for as-received and milled SiO2 also
suggests that new emitting centers are formed after milli
Further investigation is necessary to characterize the inte
tion between gas and emitting centers for SiO2 powders.

V. SUMMARY

The structural characterization and PL of as-received
milled Si and SiO2 powders have been studied. The a
received and milled Si powder have a surface region with
amorphous Si oxide and suboxide, the latter possibly exis
in the Si/SiO2 interface. The milling of crystalline Si result
in the formation of nanocrystalline Si with a crystallite siz
of about 4–5 nm, and an amorphous component. The mil
of crystalline SiO2 results in the formation of partially amor
phous SiO2. The mechanisms for PL related to the quantu
confinement effect, an amorphous Si component, Si-H,
Si-OH bond are excluded by the comparisons of the P
Raman, and infrared spectra for as-received crystalline
and those for milling-induced nanocrystalline/amorphous
The PL intensity of SiO2 powder exhibits a shift in peak
position and a large increase after milling. This may be
lated to both the formation of an amorphous SiO2 component
and the greatly increased density of defects in the amorph
SiO2 component upon milling. The PL associated with Si
or Si-OH bond for milled SiO2 is excluded because of th
infrared spectra results. In view of the fact that the PL sp
tra for as-received Si, milling-induced nanocrystallin
amorphous Si, and milled SiO2 are similar, and that the com
mon structural feature for all of these powder samples is
existence of amorphous Si suboxide and/or SiO2 compo-
nents, we suggest that defects, such as NBOHC, in am
phous Si suboxide and/or SiO2 components could be respon
sible for the observed PL for as-received crystalline
milling-induced nanocrystalline/amorphous Si, and mill
SiO2 powder. The influence of atmospheric pressure on
PL for as-received and milled SiO2 is completely different,
suggesting that new defects acting as emitting centers
be formed during the milling.
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