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Abstract. Photoluminescence (PL) from composites of 7- and 15-nm sized silica nanoparticles (SNs) and
mesoporous silicas (MSs) induced by 266- (4.66-) and 532-nm (2.33-eV) laser light has been studied at
room temperature. The multiband PL from MSs in the range of 1.0–2.1 eV is evidenced to originate from
isolated bulk and surface non-bridging oxygens (NBOs) and from NBOs combined with variously placed
1-nm sized pore wall oxygen vacancies (OVs). The nature and diversity of NBO light-emitters are confirmed
by ab initio calculations. The PL from SNs exhibits only a short wavelength part of the bands (1.5–2.1 eV)
originated from isolated bulk and surface NBOs. This fact indicates that the highly OV-bearing structures
occur only in extremely thin (∼ 1 nm) silica layers. The similarity of spectroscopic properties of silica-
based nanoscale materials to those of surface-oxidized silicon nanocrystals and porous silicon, containing
silica-passivating layers of the same width, is discussed.

PACS. 78.55.-m Photoluminescence – 78.55.Mb Porous materials – 71.15.Mb Density functional theory,
local density approximation, gradient and other corrections

1 Introduction

Recently discovered SiO2-based mesoporous molecular
sieves, which are usually called as mesoporous silicas
(MSs), is a new type of material containing extremely
thin silica fragments. It is known that the MS hexago-
nal pores of the size of several nanometers are arranged
into a regular array with the wall thickness among pores
of ∼ 1 nm [1,2]. Owing to the great catalytic and ad-
sorption properties of mesopores [1,2], their internal sur-
face can be modified by semiconducting materials creating
ordered semiconductor-insulator superlattices. Such kind
of structures can find numerous applications in modern
nanoscale semiconductor technology [3,4]. Also, because
the passivating SiO2 layers of ∼ 1 nm width cover silicon
nanoscales (nanocrystals, nanoscale fragments in porous
silicon (PS)) [5–7], the MSs provide a unique opportunity
to directly study the optical properties of ∼ 1-nm sized
silica layers.

In this paper, we present the results of photolumines-
cence (PL) study of the composites of 7- and 15-nm silica
nanoparticles (SNs) and MSs. The PL has been induced by
harmonics of Nd:YAG (yttrium-aluminum-garnet) laser
(266 and 532 nm) at room temperature. We show that
the light-emitters are non-bridging oxygens (NBOs) situ-
ated both inside nanometer-sized bulk fragments and on
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their surfaces. Based on ab initio calculations, numerous
PL bands for MSs in the range of 1.0–2.1 eV are evidenced
to originate from isolated bulk and surface NBOs and also
from those combined with variously placed oxygen vacan-
cies (OVs) in ∼ 1-nm sized pore walls. The OV-bearing sil-
ica structures occur exclusively in extremely thin (∼ 1 nm)
layers. Only isolated bulk and surface NBOs contribute to
PL in the case of composites of 7- and 15-nm sized SNs
supporting the conclusion made. Since the PL properties
of silica nanoscale materials are found to be similar to
those observed for silicon nanoscales [5–8], the experimen-
tal and theoretical finding presented here can be useful to
clarify the origin of light-emitters in these materials.

2 Experimental section

We used two kinds of SNs (Aerosil, Degussa) with the
nominal particle size of 7 and 15 nm (diameter). The syn-
thesis of MSs, similar to that of originally proposed [1],
was described earlier [9]. According to the X-ray diffrac-
tion patterns, the sample with d100 spacing of 3.83 nm
(repeat distance - actually reflects the pore size, neglect-
ing the wall thickness of ∼ 1 nm) is characterized by crys-
talline ordering (MCM-41) [1,9], whereas those with d100

spacing of 2.9 and 7.1 nm are amorphous [9]. The powders
have been pressed into pellets, then heat pretreated for 2 h
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Fig. 1. Normalized PL spectra for MSs; d100 = 2.9 (a), 3.83
(b) and 7.1 nm (c); Tht = 1173 K; λexc = 532 (1) and 266 nm
(2). Dashed lines in (a) are the Gaussian profiles corresponding
to different PL bands and thin lines show the accuracy of the
spectral band deconvolution.

in air at Tht = 1173 K. The PL was induced by Nd:YAG
pulsed laser light (Spectra Physics, GCR-190) with a rep-
etition rate of 30 Hz and λexc = 266 or 532 nm (8 ns)
and measured at room temperature in air through a 0.5-m
SpectraPro-500 monochromator (Acton Research Corpo-
ration) equipped by 1200 grooves/mm grating blazed for
the 750 nm and cooled charge-coupled device (CCD) cam-
era (Princeton Instruments, 330× 1100 pixels). The spec-
tra were measured within an accumulation time of 2 s.

3 Results and discussion

Figures 1(a)–(c) and 2(a)–(b) show the PL spectra mea-
sured with 532- (curves 1) and 266-nm light (curves 2)
for MSs and SNs, respectively. The multiband PL in the
range of 1.0–2.1 eV induced by 532-nm light from MSs is
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Fig. 2. Normalized PL spectra for SNs; D = 7 (a) and 15 nm
(b); Tht = 1173 K; λexc = 532 (1) and 266 nm (2). Dashed
lines are the Gaussian profiles corresponding to different PL
bands and thin lines show the accuracy of the spectral band
deconvolution.

placed in the spectral range where the PL from surface-
oxidized silicon nanocrystals [5,6], PS [8], hydrogenated
amorphous silicon [10], Si-rich SiO2 films [11] is typically
observed. Only a short wavelength part of the compound
multiband PL manifests itself under 266-nm excitation,
indicating that only a part of the light-emitters relaxes
radiatively in this case. By contrast, the spectra measured
for SNs are similar for both excitations and contain only
the short wavelength part. Totally, six components occur
peaked at ∼ 1.905, ∼ 1.78, ∼ 1.61, ∼ 1.40, ∼ 1.27, and
∼ 1.14 eV. The lifetime for the 1.905-eV light-emitters (8
and 15 µs at 300 and 90 K, respectively), in combination
with the band position and its width, is typical for NBOs
in bulk silica [12]. Accordingly, the 266- and 532-nm exci-
tations used (4.66 and 2.33 eV) correspond to two NBO
absorption bands peaked at 4.8 and 2.0 eV [12]. The re-
maining PL bands showed slower decay with a constant of
40–50 µs at 300 K and∼ 2 ms at 90 K, similar to nanoscale
silicon [5,6,8]. The 1.905 and 1.78-eV bands were assigned
to bulk and surface NBOs in our previous study of MSs
[9] and SNs [13,14]. Curves 2 in Figs. 1(a)–(c) shows that
the 1.905-eV band intensity as compared to 1.78-eV one
increases with increasing the pore size of MS. This fact
reflects the higher concentration of bulk NBOs with re-
spect to the surface ones in lager pore sized MSs. We have
suggested that all of the PL bands are originated from
NBOs but they have different surrounding. Accordingly,
the variation of the PL spectra in the range of 1.0–2.1 eV
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Fig. 3. The optimized geometry of α-quartz-like clusters used for modeling of NBO (O1) combined with OVs situated in the
second (a) and third (b) layers (O3-O5 and O6-O8, respectively). Boundary hydrogens are not drawn. (c) The cluster used for
TD-B3LYP calculations of vertical excitation and PL energies with OV situated at O4. (d) – (i) The parabolic fit of calculated
points ( ) for OVs situated at O3-O8 sites. Arrows show excitation and PL transitions.

results from the redistribution of the concentrations of dif-
ferent light-emitter types. The thermal disruption of bulk
and surface hydroxyls can be proposed as a mechanism of
NBO formation [9,13–15]. Also, we assume that the heat
pretreatment leads to oxygen and hydrogen release from
MSs, giving rise to OVs inside pore walls [9,15]. Owing to
the possible combination of bulk and surface NBOs with
variously placed OVs, the energy of electronic transitions
becomes lower, appearing as several red-shifted PL bands.
Note that the sharp feature at 1.79-eV [Fig. 1(b)] is at-
tributed to an uncontrolled impurity [11].

In order to test the aforementioned conclusion, we car-
ried out ab initio calculations of SiO2 clusters containing
up to 60 heavy atoms, in which the NBO is surrounded
by at least two Si-O layers [Figs. 3(a) and (b)]. The max-
imal cluster size is ∼ 1 nm, similar to the wall thickness

in MSs. The geometry of clusters was optimized keep-
ing the boundary Si atoms frozen at the crystal posi-
tions of α-quartz with their dangling bonds terminated
by hydrogens. We used the ONIOM method [16] imple-
mented in the GAUSSIAN-98 program [17], which allows
us to treat the different layers of the clusters at differ-
ent levels of theory. The inner layer was calculated at
a high level (hybrid density functional B3LYP/6-31G∗
[18,19]) whereas the outer part was treated by the semi-
empirical PM3 method [20]. The inner layer includes the
NBO with nearest 5-9 Si and 12-15 O atoms. The appli-
cability of such ONIOM (B3LYP/6-31G∗:PM3) approach
and the subdivision into two layers was tested by cal-
culations of a model Si(OSiH3)4 cluster, where the in-
ner layer was chosen as SiO4. The ONIOM optimized
geometry showed a close agreement with B3LYP/6-31G∗
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results for the whole cluster and with the α-quartz lat-
tice parameters. The ONIOM-optimized atomic coordi-
nates were then applied to construct smaller clusters
[Fig. 3(c)] designed for calculations of excited states. The
excitation energies, EEXC, were obtained using the time-
dependent density functional theory (TD-B3LYP [21])
with a mixed basis set. We used the 6-31+G∗ basis set
for NBO and 6-31G∗ for other atoms, except boundary
Si’s where the 6-31G basis set was applied. For the model
cluster, OSi(OSiH3)3, the excitation energies calculated
with such basis set are very close to those obtained with
the full 6-31+G∗ basis set.

The computed vertical EEXC for the electronic tran-
sition from the lone pairs (LP) of three nearest bridg-
ing oxygens to the singly occupied orbital of NBO,
EEXC(LP→NBO), located in the OV-less clusters (1.9–
2.0 eV) is close to the experimental value of 2.0 eV
(Ref. [12]) and to the previous ab initio result for
OSi(OSiH3)3, 2.18 eV, obtained by the multi-reference
configuration interaction method [22]. Our calculations
show that OVs are not likely to occur in the first layer;
upon geometry optimization NBO inserts into them with-
out barrier, restoring the Si-O-Si bridge. Alternatively,
more remote OVs situated at O3, O4, and O5 in the sec-
ond layer [Fig. 3(a)] and O6, O7, and O8 in the third layer
[Fig. 3(b)] remain stable. According to the TD-B3LYP
results, two low-lying excited states exist in OV-bearing
clusters, one of which is similar to that for OV-less clusters
(LP→NBO) and another corresponds to the transition
from the Si-Si bond to NBO (Si-Si→NBO). A single OV in
the second layer gives EEXC(Si-Si→NBO) in the range of
1.7–1.8 eV which are lower than EEXC(LP→NBO) vary-
ing from 2.1 to 2.2 eV. If OV appears in the third layer,
the EEXC for the two types of electronic states are com-
parable (1.93–2.10 eV for Si-Si→NBO and 1.89–1.94 eV
for LP→NBO).

The PL energy, EPL, can be estimated as the energy
for a transition from the excited state at its equilibrium
geometry to the ground state. For OV-less clusters the
excited state geometry relaxation is small, resulting in a
moderate Stokes shift ∼ 0.1 eV [12] so EPL(NBO→LP)
is only slightly lower than EEXC(LP→NBO). However, if
the transition occurs from the Si-Si bond its length signif-
icantly changes; from 0.234 nm in the ground electronic
state to 0.256–0.270 nm in the excited state. We scanned
potential energy surfaces of the clusters along the Si-Si
distance and fitted the calculated points by parabolas.
Figures 3(d)–(i) shows this procedure for all OV positions
considered. The EPL(NBO→Si-Si) values lie in the range
of 1.04–1.62 eV. Two radiative channels in energy relax-
ation exist if an electron is excited to the singly occupied
orbital of NBO: NBO→LP and NBO→Si-Si. The com-
petition between these two channels can redistribute the
intensities of the corresponding PL bands and shift the
compound band as a whole.

The vertical energies should be assigned to bulk species
because they were calculated for NBOs situated in undis-
torted SiO4 tetrahedrons. On the other hand, it is reason-
able to suggest that the surface NBOs are incorporated

into distorted tetrahedrons (twofold Si-O rings) [23]. The
calculations show that the 1.78-eV PL band is consistent
with such NBOs in OV-less clusters. If surface NBOs com-
bine with variously placed pore wall OVs, the PL energies
slightly vary as compared to the bulk species diversifying
PL bands. Thus, the bulk and surface NBOs situated in
OV-less and OV-bearing clusters give a set of PL bands
covering the whole energy range of measured spectra.

4 Conclusions

In summary, we have shown that the PL from MS mate-
rials in the range of 1.0–2.1 eV is related to both isolated
NBOs and those combined with variously placed pore wall
OVs. Both bulk and surface species contribute to PL, ad-
ditionally diversifying the PL spectra. The ∼ 1-nm sized
walls among pores are found to be the defect-bearing SiO2

structures. We state that the presence of such structures is
the specific feature of extremely thin SiO2 layers. There-
fore, the spectroscopic properties of MS’s are similar to
those for surface-oxidized silicon nanocrystals and PS. The
experimental and theoretical findings discussed in the cur-
rent paper can help us to understand the nature of light-
emitters in silicon nanoscale materials.
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