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PhotoluminescencéL) from composites of 7- and 15-nm sili¢amorphous Sig) nanoparticles and bulk
type-lll fused silica induced by two-photon band-to-band excitation with 1936e\) ArF laser light has
been measured in time-resolved detection mode. The PL spectra taken for 15-nm particles allow one to identify
three PL bands peaked in the redl.9 eV), green(~2.35 eV}, and blug~2.85 e\j spectral ranges. The green
and blue bands are normally overlapped in conventional scan measurements, giving no way for determining
their exact peak positions. Similar red and green PL bands were observed for 7-nm particles, whereas the blue
band extends toward the higher-energy range and is peaked.ab eV. The aforementioned red, green, and
blue PL bands are assigned to nonbridging oxygen hole centers, hydrogen-related species, and self-trapped
excitons (STE’s), respectively. The red and green PL bands for bulk type-lll fused silica are peaked at
practically the same spectral positions as those for nanoscale silicas, indicating the similarity of light-emitter
types. However, the blue band for bulk silica used is peaked2af5 eV, that is, at typical position for STE’s
in crystalline SiQ. The blueshift of STEPL) (STEPL band with decreasing nanopatrticle size is consistent
with the previously proposed model of phonon-assisted radiative relaxation of $WE'®. Glinka et al,
Phys. Rev. B64, 085421(2001]. As a result of time-resolved measurements, the extremely broad PL band
peaked at-2.35 eV, which is typically observed for bulk silicas and initially assigned to STE’s, is found to
consist of two bands peaked a2.75 and~2.35 eV. We suggest that these bands are due to the radiative
deexcitation of STE's and hydrogen-related centers, respectively. We thus conclude that the STEPL band is
peaked at-2.75 eV for both bulk amorphous and crystalline $iO
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[. INTRODUCTION tive relaxatiom® In conventional scan measurements the
STEPL band is normally overlapped with the green PL band
A recent study of two-photofiTP) excited photolumines- assigned to hydrogen-related centers, so its exact peak posi-
cence(PL) from silica (amorphous Sig) nanoparticles in- tion is poorly detectablé?
duced by band-to-band excitation with 6.4-eV ArF laser light A similar blue PL band was previously reported for bulk
revealed the complicated dynamics of free excit@¥is's) in crystalline and amorphous Sjd~° It is associated with all
the confined space of nanometer-sized wide-band-gaTE's, twofold-coordinated Si, or oxygen vacande3To
materialst~3 Because of the small radius of FE’s, they travel summarize previous findings, we note that several authors
through the lattice and transfer energy to impurities andargued that for crystalline SiOthe STEPL band is peaked
structure defects. Additionally, FE’s suffer collisions with the between 2.6 and 2.8 €2 whereas in amorphous materials
nanoparticle boundary since their mean free path length iit extends over the entire visible spectral range with a maxi-
bulk silicas is much longer than the size of nanoparticlesnum between 2.2 and 2.4 &¥°-13Relying on such experi-
used>® As a result, FE’s can be scattered by the boundarynental data, the conclusion has been made that the spectro-
either elastically(without energy transferor nonelastically  scopic difference in the peak positions of the STEPL band
(with energy transfer In a particular case of elastic scatter- reflects the specific features of self-trapped exciton formation
ing, the laser heating of FE’s becomes dominant, resulting ifin crystalline and amorphous Sj1°-*®By contrast, the
a highly heated electron-hole plasma, which after cooling igpeak position of the STEPL band measured for silica nano-
condensed into self-trapped excit@BTE) and self-trapped particles is reported to be close to that observed for bulk
biexciton(STBE) states> The further radiative relaxation of crystalline SiQ.1® The controversy regarding the assign-
STE’s gives rise to the STEPL) (STEPL band, which has ment of STEPL induced with band-to-band excitation in
been found to peak in the blue spectral rahg@he radia- amorphous Si@materials is likely to originate from the ex-
tionless relaxation of STBE's leads to Frenkel defecttremely large width of the STEPL band, which is addition-
formation? The STEPL band is extended and shifted towardally overlapped with others originated from defect centers.
the higher-energy range when the size of nanoparticles déAssuming that light emitters contributing to PL from SiO
creases. The latter behavior was suggested to result from timeaterials are characterized by different lifetimes, one can
activation of phonon-assisted transitions within STE radia-expect that the exact peak position of the STEPL band can
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exclusively be extracted using time-resolved techniques.
In this paper we present a thorough study of time-resolved

band-to-band-excited PL from silica nanoparticles in com- 40 ' '2 'sio, nanoparticles (D =15 nm) (a)
parison with that from bulk silica. The PL was induced by TP T, = 173K T=300K

excitation with 193-nm(6.4-e\) ArF laser light. The time- 1 Ao =266 NmM (4-‘256 ev)

resolved PL spectra for nanoscale silicas reveal three PL L 1- 0.02 MWjcm

bands peaked in the re@d-1.9), green(~2.35, and blue 2- 0.35 MW/cm’

(2.85—-3.25 eY spectral ranges, which were assigned to non- ' N

bridging oxygen hole cente®éBOHC's), hydrogen-related 20+ 100t hp, ~ Iy {
species, and STE’s, respectively. The bulk type-lll fused _—_ @ |00

silica, which is known to be a hydrogen-contained matéfial, 0 S

was used in our measurements for comparison. Since ‘¢ £ o 8 =
the amorphous Si©nanoparticles are characterized by a - 7_ = 1
large concentration of hydrogen-related species as Mell, o 2t -1 © 4,=520 nm |
the PL bands originated from hydrogen-related centers and "(3 | W5, =650 nm
NBOHC's are found to be similar to those for bulk silica. ~ 1L 0.01 0.1,
Alternatively, the size of nanoparticles exclusively affects the 2 I, (MWiem®)
position of the STEPL band. The blueshift of the STEPL ‘'t [ S L
bano_l with decreasing nanoparticle size is c_onsistent_ With the % 0 S'ic')z nanoparticles (D =15 nm) (b)
previously proposed model of phonon-assisted radiative re- 4= 41T, = 1173K T=300K

laxation of STE’S® The STEPL band for bulk silica is found £ A, =193 nm (64 eV)

to peak at~2.75 eV, and so it occupies spectral position i | 1 0.15 MW/em? |~

close to that typically observed for crystalline $iOThis
fact points to the independence of STE energetic parameters 3+
on the flexibility of both SiQ tetrahedron torsion and Si-
O-Si angles in three-dimensional Si@etwork.

2-1.23 MWicm’

-
o

O, =450 nm
O &, =520 NM
n=2 M), =650nm

I, (arb. units)

Il. EXPERIMENT

Two kinds of silica nanoparticle@erosil, Degussawith
nominal particle sizes of 7 and 15 nfdiametef were stud-
ied. The powders were pressed into pellets and then heat
treated afT,,,=1173 K far 2 h in air. The PLmeasurements

0.1 1
I (MWicm®)

were performed in a vacuum chamber at 300 and 90 K using 1

either ArF pulsed lasef\ q,=193 nm (20 ng; Lumonics, oLl —
EX-742] with a repetition rate of 10 Hz or a Nd:YAGyt- 1.5 2.0 2.5 3.0 3.5 4.0
trium aluminum garnetpulsed lasef\ ¢,=266 nm, (8 n9; Photon energy (eV)

Spectra Physics, GCR-1P@ith a repetition rate of 30 Hz as

sources of excitation. The laser beams were focused by a

30-cm lens into a 0.03-C?m;p0t. The samples were oriented FIG. 1. Arbitrary. pormali;ed conventional scan measyred PL
to the laser beam by 45°. The PL was collected in a converﬁpe_C"a fo_r_15-nm silica particle§ (= 1173 K) ta_ken with differ-
tional 90° geometry by a 0.5-m SpectraPro-500 monochro€nt intensities of 4.66-eVa) and 6.4-eV(b) laser light:(a) 1f0.02
mator (Acton Research Corporatiprwith 1200 lines/mm ~and 2-0.35 MW/crfy (b) 1-0.15 and 2-1.23 MW/cfnThe insets
grating blazed for the 500 nm. The spectra were recorded iﬂ??w the Cort;eszonds'“? d'nlt.ens'ty desendence of th% PL y'?\'ds for
the time-resolved detection mode using an R943-02 photo-'h erent E}L _ag > fot:"l nes anfa r?WT ai l"’; gut elto tl © eye
multiplier (peak wavelength 300—800 nm; Hamamatsod :Cgl\gmg © indexn ot the power functionte, =1, on & fog-iog
gated electronic§SRS-250, Stanford Research Systenine '

conventional scan spectra were measured using a CCD camgnyentional detection mode using a CCD camera. We have
era (Princeton Instruments, 3301100 pixel$ within an ac- ,qeq the power excitation with either 266-rth66-eVj or
_cumulatlon time of 2 s. A s_et of optical filters has been used193-nm(6.4-e\0 laser light. Figure 1 shows that the PL spec-
in order to cut stray radiation from lasers and scattered 1asgf; measured with these two excitation regimes are consider-
light from the samples. A LeCroy oscilloscope was used toably different. The red PL band peaked-at.9 eV is domi-

measure the PL decay time constants. nant for spectra measured with 4.66-eV excitatidfg.
1(a)]. At the same time, the green PL band peaked 2135
[ll. EXPERIMENTAL RESULTS eV appears with a relatively small amplitude. When 6.4-eV

light is applied, the red and green PL bands become compa-

rable in intensity. Additionally, a broad PL band clearly
Prior to discussing the time-resolved dynamics of PL frommanifests itself in the blue spectral range, which is strongly

silica nanoparticles, let us consider the spectra measured overlapped with 2.35-eV banfFig. 1(b)]. Moreover, the

A. PL spectra for silica nanoparticles
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relative intensity of blue PL increases with powering 6.4-eV 19 235eV

laser light, whereas the spectra taken with 4.66-eV excitation AR RARRADRRARRERAR IR
. . . : H SiO, nanoparticles (a)

are practically the same within the broad range of laser light P T, =1173K T =300 K

intensities used. The insets in Figgajland 1b) show the
corresponding intensity dependences of the PL yields for the
red, green, and blue bands. Since the PL intendity) (is
known to be proportional to the laser light intensity X in
powern, wheren denotes the number of photons taken part

A, =193nm (1.23 MW/cm?)

2.85eV D=15nm

in the excitation process, the PL yields versus the laser light cco

intensities are plotted on a log-log scale. The slope of the ™ 50/5 s

intensity dependences for the red and green PL induced with &=

4.66-eV photons is1=1, thus indicating the one-photon ex- g

citation. Alternatively, if 6.4-eV photons are applied, the s 1071

two-photon excitation process occurs for all the PL bands, 2

which tends to be saturated at higher laser light intensities. ) 2.5/0.2
We have previously suggested that the red and green PL > 0.5/0.05

from silica nanoparticles induced with 4.66-eV photons is @ _ 0005

due to the direct excitation of NBOHC’s and hydrogen- q':) b

related species, respectivély*!® By contrast, the red and = (b)

green light emitters are excited indirectly through the radia- ___1

tionless relaxation of TP-produced FE’s in the case of 6.4-eV g D=7nm

laser light>>*>Additionally, the laser heating of FE’s, which

is due to their elastic scattering by the nanoparticle boundary
in the presence of an intense laser field, results in the creation
of the electron-hole plasma inside of each of the nanopar-
ticles. Owing to plasma cooling once the laser pulse was
terminated, the carriers may be condensed into the STE
state?3 The dynamics discussed can be imagined as an over-
come of the laser-heated FE’s through the STE barrier with
subsequent radiative relaxation resulting in the blue emission
assigned to STEPL. Therefore, we explain the aforemen-
tioned increase in the blue PL intensity with powering
6.4-eV light[Fig. 1(b)] as being due to an increase in the rate ; P 0/0.05
for FE’s to overcome through the STE barrier. This experi- e b e
mental fact provides a proof that the origin of the blue emis- 1.5 20 25 30 35 40 45 50
sion band is different to those of red and green bands and is Photon energy (eV)

not related to impurities and structure defects. It is apparent :

that the blue band is absent in spectra taken with 4.66-eV

excitation because the total energy of two laser photerg2 FIG. 2. Arbitrary normalized time-resolved PL spectra at room
eV) is not enough to produce FE[40.2 eV (Ref. §]. The  temperature for 15-nm@ and 7-nm (b) silica particles Ty,
direct TP excitation of STE’s in silica is unlikely because of =1173 K) as compared to those measured in the conventional scan
a strong lattice distortion for the STE state, resulting in amode using CCD camerae,= 193 nmj = 1.23 MW/cnf. Num-

large shift of the potential energy surface with respect to thabers indicate the gate delay and gate width in microseconds, respec-
corresponding to the undisturbed lattice Site. tively. The individual spectrum baselines are arbitrarily shifted for

The time-resolved PL spectra measured for silica nanoP€ter observation.

particles with 6.4-eV excitation at room temperature reveal

the aforementioned red, green, and blue PL bands, whicenone and dioxasilyrane were recently considered
now can be deconvoluted by measuring spectra at differertheoretically as potential green light emitters in silicon
delay times(Fig. 2). The 2.35-eV band measured in conven-oxides*® As we will show in Sec. IlI B, a similar PL band
tional detection mode manifests a vibronic progression witteppears in hydrogen-containing bulk silica as well. This fact
an origin at~2.55 eV and a spacing of about 0.165 @330  provides an additional support to the hydrogen-related nature
cm™ b [Figs. 4b) and 4. The progression becomes poorly of green light emitters. It has been suggested that the vi-
detectable in time-resolved spectra. We associate this fabronic coupling in hydrogen-related species resulting from
with a significant loss in the signal intensity due to detectionthe interaction of electronic transitions witeSi-H—O-Si

with long delay times. This band was assigned to hydrogen= bending vibrations in the ground electronic state is re-
related species in our previous studiedThe exact structure sponsible for the progression observéd.

of green light emitters remains unknown, but many experi- Figure 2 also shows the time-resolved PL spectra as com-
mental facts indicate that hydrogen is involved in the emispared to those measured by a CCD camera in the conven-
sion proces$? Nevertheless, other species types like sil-tional detection mode. It can easily be seen that the PL spec-

ccD
40/5 s

5/1

0.5/0.1
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tra detected in conventional scans closely match those taken 1.9

235 285eV
AL AL DA B B B
! SiO, nanoparticles (a)
§T,=1173K, T=90K
i, =193nm(1.23 MW/cm’)

D=15nm

in time-resolved measurements, beginning with delay times
longer than 1Qus. This peculiarity is due to the fact that the
CCD camera is an integrated device, so the long-lived com-
ponents contribute to the measured spectrum with higher ef-
ficiency during the given acquisition time. The decay-time
constant for the 2.35-eV PL band is measured~d® us
(300 K) and~30 us (90 K). As a result, the more short-lived
blue PL measured in the conventional detection mode mani-
fests itself with small amplitudefFigs. 1b) and 2. Note
that practically identical PL spectra have been measured with
cathodoexcitation for thin thermally grown Si@Ims on a
Si substrate, where the CCD camera was also ts@tie
distinction between the CCD-measured spefigs. 1 and
2) and those presented in Ref. 13 is the existence of a vi-
bronic progression for the 2.35-eV PL band in our measure-
ments. Despite the similarity in a full width at half maximum
(FWHM) for the green PL bands taken in both measure-
ments, the different assignments have been suggested: we
associate this PL band with hydrogen-related species, but the
authors of Ref. 13 pointed to the STE nature of this band.
Also note that the temperature lowering to 90 K increases the
quantum efficiency of light emitters; however, it does not
significantly affect the aforementioned time-resolved dynam-
ics of PL spectrdFigs. 2 and 3

The green PL band measured with 4.66-eV laser light
decays much faster and practically disappears with delay

50/5 ns

PL intensity (arb. units)

time longer than 3—4us (Figs. 4 and & On the strength of 51

this fact we conclude that the nature of green light emitters 1/0.1
excited with 6.4- and 4.66-eV light is different. One can 0.5/0.1
suggest that both kinds of green light emitters are associated 0.1/0.05
with hydrogen impurities, but they are involved in the com- : : : 0/0.05
plexes of different local geometries. This conclusion is con- Bl bbbl b
sistent with the fact that the vibronic progression for the 20 25 30 35 40 45 50
green band is characterized by different spacings when 6.4- Photon energy (eV)

or 4.66-eV laser light is appliet?®

The red PL band induced with 6.4-eV photons is normally
peaked at-1.9 eV, and allows for a small variation between
1.89 and 1.93 eV for different specimefBigs. 2 and 3
which is due to the band inhomogeneous broadehirite
lifetime for 1.9-eV light emitters in combination with the
band position and its FWHM is typical for NBOHC's in bulk
silical?1>1®However, conventional scan measurements with
4.66-eV excitation have revealed the existence of the ban8iO, tetrahedrongbulk species and into distorted tetrahe-
shift toward the longer wavelength rang2We previously — drons creating twofold Si-O ring&urface specigg®2°
suggested that this shift is due to the contribution from the The time-resolved spectra shown in Figs. 4 and 5 substan-
second red band peaked-af.79 eV, which was assigned to tiate our conclusion about the two red PL bands. Since the
surface NBOHC's:%1®The formation of NBOHC's has been decay time constant for light emitters responsible for the
shown to originate from the heat-pretreatment-induced dehyt.9-eV PL band~8 us (300 K) and ~15 us (90 K)] is
droxylation process of bulk and surfaseSi-OH species:?  smaller than that for the 1.79-eV PL bape40 us (300 K)
In particular, the assignment of the 1.79-eV band is based oand ~1 ms(90 K)], there exists a shift of the compound red
the fact that the rise of the band intensity with; is in- PL band as a whole toward the lower energy range with
versely proportional to the surface hydroxyl concentrationincreasing delay time. The effect manifests itself most no-
decreasé® These assignments were recently testedaby ticeably in the low-temperature PL spectra measured for
initio calculation, and a good agreement with experimentall5-nm nanoparticlesFigs. 4 and 5 We explain the latter
data was obtainetf:?** The energetic difference between bulk feature as being due to the higher concentration of surface
and surface NBOHC'’s was suggested to result from an inNBOHC's in the composites of 15-nm particles. This conclu-
corporation of non-bridging oxygen atoms into undistortedsion is also consistent with the fact that the concentration of

FIG. 3. Arbitrary normalized time-resolved PL spectra at 90 K
for 15-nm (a) and 7-nm(b) silica particles Tn=1173 K): Ngyc
=193 nmJ, =1.23 MW/cn?. Numbers indicate the gate delay and
gate width in microseconds, respectively. The individual spectrum
baselines are arbitrarily shifted for better observation.
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17919 235eV

TrT oy T 1.79 1.93 2.35eV
?'O: ??;g‘l’(a”T'c’f;OOK (a) [T T Sio, nanoparticies '('é)
P ’ . T, =1173K T=90K
| Poc™266 1M (0-34 MW/em') 5. =266 nm (0.34 MW/cm?)
D=15nmnm
D=15nm
5/1 ps 0/0.05 ps
- 0.5/0.05
)
_'.: —
c 202 L 210.2
>3 E
. 5
% 0.5/0.05 5 51
0/0.05
g L @ 10/1
z (®) S
7 z (®)
° D=7nm 2
E Q9 D=7nm
| k=
o I
o
0/0.05 us
0.5/0.05
2/0.2 us 2/0.2
1/0.2 51
0.5/0.05
T 000,05, 101
20 25 30 35 40 Lt

T20 25 30 35 40

Photon energy (eV
9y (V) Photon energy (eV)
FIG. 4. Arbitrary normalized time-resolved PL spectra at room
temperature for 15-nm@@ and 7-nm (b) silica particles T FIG. 5. Arbitrary normalized time-resolved PL spectra at 90 K
=1173K): Aeye=266 nm|, =0.34 MW/cnf. Numbers indicate for 15-nm(a) and 7-nm(b) silica particles Tp=1173 K): Ngyc
the gate delay and gate width in microseconds, respectively. Thes 266 nmj =0.34 MW/cn?. Numbers indicate the gate delay and
individual spectrum baselines are arbitrarily shifted for better ob-gate width in microseconds, respectively. The individual spectrum
servation. baselines are arbitrarily shifted for better observation.

surface hydroxyls for 7-nm particles is much less than thatively, the 6.4-eV light excites only bulk NBOHC's because
for 15-nm particle$.Note that the 1.9-eV PL band measured of an indirect mechanism of excitation involving the genera-
with 4.66-eV laser light shows a similar decay-time constantion of TP-produced FE'’s followed by a FE energy transfer
as compared to that observed with 6.4-eV excitation, thuso NBOHC's?3° Since the interaction of FE’s with surface

indicating that the bulk NBOHC'’s are responsible for light NBOHC's is expected to be without energy transfene can

emission with both excitation regimes used. only observe a single red PL batl9 eV) assigned to bulk
The time-resolved PL spectra taken with 6.4-eV excitationNBOHC'’s when 6.4-eV light is applied.
(Figs. 2 and Band 4.66-eV excitatiofFigs. 4 and psupport The blue band in the PL spectra measured in the conven-

the conclusion previously made about the mechanisms of thigonal detection mode manifests itself as a shoulder near the
red PL excitation. Since the 4.66-eV photon energy coincide®.35-eV PL bandFigs. 1 and 2 and cannot be exactly iden-
very closely with the absorption peak of NBOH(’s4.8 eV tified without time-resolved techniques. The time-resolved
(Ref. 17], both kinds of species located inside nanoparticlespectra allow one to distinguish the blue PL band as being
and on their surfaces are able to emit light in thispeaked at-2.85 and~3.25 eV for 15- and 7-nm patrticles,
caset21%1920 Correspondingly, an ordinary direct one- respectively(Figs. 2 and ® The decay-time constant for
photon process occurs with this excitation regime. Alterna-blue emission is found to be5 us (300 K) and~10 us (90
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FIG. 7. Arbitrary normalized time-resolved PL spectra at 90 K
for type-lll fused silica (&) and 15-nm silica particles T
=1173K) (b) measured at different delay times: 1-10.0 and
2-50.04S; A exe= 193 nmJ = 1.23 MW/cn.

FIG. 6. Arbitrary normalized time-resolved PL spectra at room-
temperaturg1,2) and 90 K(3) for type-lll fused silica(a) and at
room temperaturgl) and 90 K(2) for 7-nm silica particles T},
=1173 K) (b) Age=193 nm} =1.23 MW/cn?. Numbers indicate
the gate delay and gate width in microseconds, respectively.

STE radiative relaxation involves more energetic phonons
K), that is, less than those for the green and red PL bandsand their combinations with decreasing nanoparticle size. As
For the reason mentioned above about the CCD-measuredresult, the STEPL band is extended and shifted toward the
spectra, the relative intensity of the blue PL band measureblue® This feature is also consistent with the idea that the
in the conventional detection mode is small, limiting the blue emission is related to STE’s.
peak and profile of the PL band to be exactly determined. Some additional specific feature of the time-resolved PL
Since the 6.4-eV laser light can exclusively induce the bluespectra measured for silica nanoparticles with 6.4-eV excita-
PL when the TP regime of the PL excitation is achieyéid.  tion appears as a nonmonotonic evolution of the blue PL
1), the blue band is assigned to STEPL. By contrast, thentensity with delay time. The PL intensity rises up in a range
time-resolved spectra measured with 4.66-eV excitatiorof several microseconds beyond the excitation pulse and then
clearly show the absent of any blue PL with the aforemendecays with a constant of5 us (Fig. 2). Cooling to 90 K
tioned decay-time constaniBigs. 4 and & The blueshift of makes the effect much less detectafftey. 3), whereas the
the STEPL band with decreasing nanoparticle size is sugdecay time becomes longét10 us). A similar behavior of
gested to result from the size effect in STEPLhe activa- the STEPL band was recently reported for mesoporous sili-
tion of hot (phonon-assistgdelectronic transitions in the cas, which are characterized by extremely thin silica frag-
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ments of ~1-nm width (walls among poras=® The effect  short-lived responses in PL from type-lil fused siliweith a
was associated with the peculiarities of laser-heated FE's tdecay time of less than is), assuming that they result from
overcome the STE barridThe laser heating of FE’s is sug- one-photon-excited uncontrolled impurities.
gested to be due to an scattering of FE's by the boundary of Totally, the PL spectra measured with 6.4-eV excitation
confined regions in mesoporous silica in the presence of gre similar to those typically observed for crystalline and
strong electromagnetic waveDespite the fact that the pecu- glassy SiQ with band-to-band excitatiofi:®1°*3t can eas-
liarities of the FE laser heating process are sitill to be clarijly pe seen that the PL spectra taken with the delay time
fied, the spectroscopic feature discussed again points out th§,ger than 1us also resemble those that have been mea-
excitonic nature of the blue PL band observed. _sured for silica nanoparticlegigs. 6 and 7. In the same
The conception of FE laser heating can also explain thgyay there is an overlap between the green and blue PL
shorter decay time of the STEPL from silica nanoparticles inyands. we propose that the origin of these bands is similar to
comparison with that from bulk silice~1 ms. Because of that established for silica nanoparticles, that is, to hydrogen-
an increase in the efficiency of the STE barrier overcome fofg|ated species and STE's, respectively. On the other hand,
laser-heated FE%,they relax into the STE states much {he STEPL band is known to commonly peak for bulk crys-
faster. In other words, the high density of electron-holeijine Si0, materials at 2.75 eV with a FWHM 0f0.7
plasma created in silica nanoparticles results in the highegy/4-8 However, this band is much broader, and is peaked at
efficiency of STE and STBE state formation as compared to_» 35 eV in amorphous silicon dioxid8-2 The corre-
the situation occurring in bulk silica, where the FE’s eXCitedsponding FWHM of the compound blue-green PL band for

are not heated and probably penetrate the STE barrier byne ||| fused silica measured in the current work is in good
tunneling. This conclusion takes into account the fact that theagreement with previous data for crystalline Sit® Nev-

total decay-time constant for STEPL consists of two COMPOgriheless, the lifetime of green light emittdrs~1 ms at 90

nents resulting from the time required for FE's to be trapped) corresponds to that typically observed for STEPL in
into the STE state and an intrinsic lifetime of STE®. amorphous materials. Note that the measurements of time-
resolved spectra with delay time longer that@®were lim-
B. PL spectra for type-Ill fused silica ited by extremely low intensity of the signal, despite the fact

In this section we present the experimental results of a Pihat the exponential PL decay can still be monitored by an
study of bulk type-Ill fused silica as compared to those dis-0Scilloscope. _
cussed in Sec. Il A for silica nanoparticles. Figuréa) &nd Similarly as for nanoparticles, the 1.9- and 2.35-eV PL
7(a) show the time-resolved PL spectra for type-Ill fused pand; become relatively more intense ywth increasing delay
silica, which were measured with 6.4-eV excitation at 300time in room temperature measuremejiitg. 6(a), curves 1,
and 90 K. It should be noted that both 4.66- and 6.4-eV light"d 2, indicating that the lifetime of the red and green light
irradiations of the sample lead to the formation of bulk @mitters is longer than that related to STE's. However, the
NBOHC's. However, the efficiency of the NBOHC forma- low-temperature spectrum taken with the same delay time
tion is much higher with 6.4-eV laser light. This fact is not reveals a shift of the 2.35-eV PL band toward the higher-
reconcilable with silica nanoparticles, where the radiation-€nergy ranggrig. 6a), curves 2 and BWe explain this shift
induced NBOHC's have exclusively been observed foraS being due to a decrease in the green PL intensity. Since the
smaller-sized particle67 nm) with 6.4-eV excitatior?. The ~ Vvibronic progression for 2.35-eV PL band started-a.55
corresponding 1.9-eV PL band for bulk silica used grows in€V: only the peak corresponding to the progression origin
intensity within the initial stage of irradiation and then satu-manifests itself in the spectrum measured at 90 K. The de-
rates. The latter condition was chosen for measuring th&réase of the green PL intensity with temperature lowering is
time-resolved PL spectra. All parameters for the red PL bandue to a decrease in the rate of the FE energy transfer to
exactly correspond to those discussed for silica nanoparticlddydrogen-related species. This is also consistent with the fact
in the preceding section and have commonly been measurdgat the séelf-trapplng rate for FE's increases with temperature
for bulk SiO, materialst’ The process of NBOHC formation lowering.” As a result, the STEPL band becomes stronger at
is more efficient at low temperatuf€igs. 6 and 7, and is 0w temperature measuremefEsg. 6a)]. A similar feature
known to result from the STBE radiationless relaxatisae IS 0bserved for silica nanoparticles. Figurésshows ex-
Refs. 2 and 9, and references theyeiBiince the type-lil ample; pf the corres_pondmg time-resolved spectra taken for
fused silica is a hydrogen-containing material, we also con/-Nm silica nanoparticles. The lack of a FE energy transfer to

sider the processes of NBOHC formation due to the radilight emitters, responsible for a 2.35-eV PL band and an
olytic reactiorf* increase in the FE self-trapping rate, also explains the inten-

sity redistribution between the green and blue PL band with
temperature lowering.

Figure da) shows that the relative intensity of the
In order to discriminate these two processes, one can proliz75-eV band measured for type-lll fused silica at 90 K
the STEPL band. We will associate the excitonic mechanisndrops with increasing delay time. However, the intensity de-
of NBOHC formation with the process appearing simulta-crease is not as large as observed for room-temperature spec-
neously with long-lived STEPL. By contrast, if the STEPL tra [Fig. 6a)], indicating that the lifetime of the blue light
band is absent, the NBOHC formation process is assumed &mitters increases when the temperature is lowered. Since
be due to the radiolytic reaction. Also, we do not discuss althe decay time for the 2.35-eV PL band is longer than that

6.4 or 4.66 eV
=Si-OH ——— =Si-O-+-H.

035404-7



YURI D. GLINKA, SHENG-HSIEN LIN, AND YIT-TSONG CHEN PHYSICAL REVIEW B66, 035404 (2002

for the 2.75-eV one, the green PL band tends to be stronger T T
Type-lil fused silica (a)

with increasing delay time. This appears as a narrowing of §
the compound blue-green PL baffdgs. a) and 7a)]. Ad- oe Zozgi"’" (0.34 Mwicm’)
ditionally, there exists a shift of the compound band toward )

the lower-energy range, which mainly appears in room-

temperature measurements. As this takes place, the real peak

position of the STEPL band does not change significantly as

compared to that typically observed for crystalline SiO

Note that the compound blue-green PL band was initially

considered as a single band and assigned to STERL.

similar narrowing and shift with increasing delay time occur

for the compound blue-green PL band measured for silica . 2005 s
nanoparticlegFigs. 2, 3, and ()]. The shift is practically '
the same as that observed in room-temperature measure- ’ /\N/O'z

ments for type-lll fused silicfFigs. §a) and 1b)]. T_hus the_ 0.5/0.05
peak of the green PL band can occur at two positions, either

. . . 0/0.05
at ~2.55 or ~2.35 eV, which correspond to different vi- I B R e
bronic components of the progression shown in Fig).1 Type-!ti fused silica (b)
Therefore, if we assume that the vibronic coupling in A, = 266 nm (0.34 MW/cm?®)

hydrogen-related species can vary with temperature and the T=90K

local geometry of complexes, the shift of the green PL band .
can be explained as intensity redistribution among different
components of the vibronic progression.

The PL spectra measured with 4.66-eV laser light are 10/1 us

shown in Fig. 8. Only short-lived emission components ap-

pear in the blue-green range, and are assumed to result from

a direct one-photon excitation of uncontrolled impurities. As

a result, the PL in this range disappears with delay time

longer than 1-2us, meanwhile, the NBOHC's contribute to 0.5/0.05
emission with a typical decay-time constant. Therefore, we

propose that the mentioned radiolytic reaction is a reason for

PL intensity (arb. units)

NBOHC formation in type-lil fused silica with 4.66-eV ex- 0/0.05
citation. This reaction does not involve any process of exci- AT R S S
ton generation. In sharp contrast, the NBOHC formation 1.5 2.0 25 3.0 3.5 4.0
with 6.4-eV photon irradiation is dominated by the excitonic

mechanism. Photon energy (eV)

Note that only a single red PL band, peaked at 1.9 eV . ] ]
and originating from bulk NBOHC’s manifests itself FIG. 8. Arbitrary normalized time-resolved PL spe_c_tra at room
with 4.66-eV excitation, pointing to a small concentration of témperature(@ and 90 K (b) for the type-ll fused silica:k ey
surface NBOHC'’s as compared to that for silica nanopar-=266 hmJ, =0.34 Mwicnt. Numbers. indicate t.he gate delay and
ticles. Thus the spectroscopic properties of silica nanopargate width in microseconds, respectively. The individual spectrum

ticles and type-lil fused silica are found to be close in gen_basellnes are arbitrarily shifted for better observation.

eral. However, the 1.79-eV PL band originating from surfacegnt types of silicas. However, the PL bands were not spec-
NBOHC's additionally contributes to the PL from silica oscopically deconvoluted, and have been considered as a
nanoparticles subjected to 4.66-eV photon irradiation. Th%ingle band peaked at-2.35 eV and assigned to the
main difference between the PL spectra measured for silicgTep| 10-13p the other hand, it is known that the STEPL
nanoparticles and type-Ill fused silica with 6.4-eV excitationy5nd for crystalline Si@materials is peaked at2.75 eV*~8

is a shift of the STEPL band toward the higher-energy rangé\s 3 result, many authors suggested that the STEPL band is
for nanoscale materials, resulting from the activation ofyjaceqd at different positions for bulk crystalline and amor-
phonon-assisted transitions within STE radiative relaxat|on.phous silicon dioxide and reflects the material specific fea-
tures. However, the latter statement is not consistent with our
experimental results presented in the current paper. We
showed that the STEPL band in silica nanoparticles as well
On the strength of our experimental data taken with TPas in bulk silicas is located at practically the same spectral
band-to-band excitation presented in preceding sections, Igsition as that for bulk crystalline S}OBy contrast, the PL
us discuss the nature of light emitters in amorphous,SiOband peaked at 2.35 eV, which was initially assigned to
materials. First note that the mentioned overlap of the PLSTEPL from silicas, is associated with hydrogen-related spe-
bands induced by the band-to-band excitation with ionizingcies. The latter conclusion is in agreement with the model of
radiation or energetic electrons has been observed for diffehydrogen-stabilized STE in amorphous SiMaterials’

IV. DISCUSSION
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Our assignment of the blue PL band is based on the foleontinuous three-dimensional network. The Si-O-Si angles
lowing experimental facts(1) this PL band can exclusively are flexible and vary between 125° and 18044° for thea
be observed when the TP regime of PL excitation withquart. The torsion angles are nonrigid as well, which re-
6.4-eV laser light is applied?2) the relative intensity of the Sults in the variety of Si@ polymorphs2®?* Meanwhile, the
blue band as compared to the green and red PL bandsiO, tetrahedrons conserve their shape with practically un-
(hydrogen_re|ated centers and NBOHC's, respecti’\/dﬂy Changed Si-O distances and O-Si-O an§?§§:Z3The modi-
creases with increasing laser light intensity, indicating an infication of the SiQ network is expected to be due to rota-
crease in the rate of the STE barrier overcome for lasertions of vertex-sharing rigid tetrahedrons leading to essential
heated FE’s(3) there exists a nonmonotonic behavior of the shifts of oxygen atoms, while the positions of Si atoms
blue band with the delay time, which is consistent with theremain nearly unchanged. The model of the STE in,SiO
excitonic nature of the emissiof¥) there exists a blue shift takes into account an assumption that the electronic compo-
of the STEPL band with decreasing size of nanoparticlesient of the STE is anE’ center (oxygen vacancy,
which again points to excitons. =Si—SiE=) and the hole component is a peroxy linkage

As an additional feature, which could lead to an incorrect(=Si—0—0—SE).* Since there is a large Stokes shift
assignment of 2.35-eV PL band measured in conventionaf the STEPL band, a strong distortion of the gifattice
scans is the fact that the discussed blue and green PL bandecompanies the process of STE formation. It is known that
are characterized by the nearby values of the decay-time cothe oxygen vacancy formation is most likely to be respon-
stants. Since the decay time for the green PL is somewhaible for this lattice distortion as compared to the peroxy
longer than that for the blue one, clearly that the peak of thidinkage?® Because the Si-Si distance is expected to be
compound band will be redshifted with increasing delayweakly dependent on the flexibility of both Sj@trahedron
time. The hydrogen content in Sj@naterials will also affect torsion and Si-O-Si angles in three-dimensional Sit@t-
the relative intensities of the blue and green PL bands. Thugork, the structure of the STE should be insensitive to the
any shift in the range between 2.3 and 2.8 eV for the comdifferent modifications of the SiOnetwork. As a result, the
pound PL band, measured with band-to-band excitation angeak position of the STEPL band for different Sigolymor-
initially assigned to STEPL from bulk silicas, can be ex-phs is also expected to occur at similar spectral positions.
plained as an intensity redistribution between two bands reHowever, a detailed knowledge of the formation of STE's
lated to STE’s and hydrogen-related species. and their light-emitting properties in different Si@olymor-

Let us consider the experimental data from the initial paphs can be achieved by combining experimental data with
per, in which the 2.35-eV PL band observed for amorphoudigh-levelab initio guantum-chemical modeling.
silicon dioxide with band-to-band excitation was assigned to
STEPL!° The authors of Ref. 10 measured the time-resolved
PL spectra for amorphous SjQand observed a very broad
PL band in the range of 1.5-3.3 eV with a maximum at In summary, on the basis of time-resolved PL measure-
~2.35 eV. The peak of the band is slightly blueshifted as thenents with TP band-to-band excitation for silica nanopar-
delay time increases. The main experimentally based arguicles in comparison with bulk type-Ill fused silica, we have
ment discussed by the authors in order to identify the naturgrovided evidence that the PL properties of silica nanopar-
of 2.35-eV PL band is the fact that identical decays for theticles closely correspond to those of bulk materials. How-
transient absorption states related to STE's and the 2.35-e$ver, in addition to the PL bands observed for bulk silica
emission were observed. However, for reasons not well unwith 4.66-eV excitation, there exists a 1.79-eV PL band
derstood, the authors have monitored the P£2175 eV, the  originated from surface NBOHC's, indicating the large con-
position of which is typical for the STE’s in crystalline SiO centration of such species in nanoscale silica materials. The
materials, but the conclusion has been made for 2.35-eYhain difference between the PL spectra measured for silica
band as a whole. It is evident that from these results we cananoparticles and type-IIl fused silica with 6.4-eV excitation
only conclude that the light emission at 2.75 eV is related tds a shift of the STEPL band toward the higher-energy range
STE's. If we assume the compound nature of the 2.35-eV Plor nanoscale materials, resulting from the unique behavior
band observed by the authors, then the conclusion made wf FE's in the confined space of silica nanoparticles. The
the paper mostly reflects the behavior of the 2.75-eV bandemaining 1.9- and 2.35-eV PL bands are peaked at similar
rather than the 2.35-eV band. The progressive blueshift ofositions for both nanoscale and bulk materials, and are as-
the 2.35-eV PL band with increasing delay time discussed bgigned to bulk NBOHC's and hydrogen-related species, re-
the authors can also be explained as a result of intensitgpectively.
redistribution between two PL bands with different decay We have concluded that the experimental data presented
times as discussed for type-Ill fused silica in the currentin Ref. 10 and initially used to identify the STEPL band in
paper(Figs. 6 and 7. amorphous Si@ materials can be explained as a result of

Thus we suggest that the STEPL band for bulk amorphousontributions from two overlapping PL bands. Only one of
and crystalline SiQ manifests itself at similar spectral posi- these bands is related to STE'’s and situated at practically the
tion around 2.75 eV. Let us consider how this conclusion issame spectral position as that for bulk crystalline SiO
consistent with the model of the STE in Si@aterials. Itis (~2.75 e\). The redshift of the STEPL band observed for
known that the most stable forms of bulk Si@re con- amorphous silicon dioxide discussed before in numerous
structed from vertex-sharing SiCtetrahedrons forming a publications, from our point of view, is due to the contribu-

V. CONCLUSIONS
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