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Direct evidence for a size effect in self-trapped exciton 共STE兲 photoluminescence 共PL兲 from silica-based
nanoscale materials as compared with bulk type-III fused silica is obtained. Two kinds of mesostructures were
tested: 共1兲 silica nanoparticle composites with primary particle size of 7 and 15 nm, 共2兲 ordered and disordered
mesoporous silicas with pore size ranging from ⬃2 to ⬃6 nm and wall thickness ⬃1 nm. The PL was induced
by the two-photon absorption of focused 6.4 eV ArF laser light with intensity ⬃106 W cm⫺2 and measured in
a time-resolved detection mode. Two models are applied to examine the blue shift of the STE PL 共STEPL兲
band with decreasing size of nanometer-sized silica fragments. The first model is based on the quantum
confinement effect on Mott-Wannier-type excitons developed for semiconductor nanoscale materials. However,
the use of this model leads to a contradiction showing that the model is completely unusable in the case of
wide-band-gap nanoscale materials 共the band-gap of bulk silica E g ⬵11 eV兲. In order to explain the experimental data, we propose a model that takes into account the laser heating of Frenkel-type free excitons 共FE’s兲.
The heating effect is assumed to be due to the FE collisions with the boundary of nanometer-sized silica
fragments in the presence of an intense laser field. According to the model, laser heating of FE’s up to the
temperature in excess of the activation energy required for the self-trapping give rise to the extremely hot
STE’s. Because the resulting temperature of the STE’s is much higher than the lattice temperature, the cooling
of STE’s is dominated by the emission of lattice phonons. However, if the STE temperature comes into
equilibrium with the lattice temperature, the absorption of lattice phonons becomes possible. As a result, the
blue shift of the STEPL band is suggested to originate from the activation of hot 共phonon-assisted兲 electronic
transitions. Good agreement between experimental data and our FE laser heating model has been obtained.
DOI: 10.1103/PhysRevB.64.085421

PACS number共s兲: 81.07.⫺b, 78.55.Hx, 61.46.⫹w, 42.62.Fi

I. INTRODUCTION

The quantum confinement 共QC兲 effect in semiconductor
nanoscale materials 共nanoparticles, nanoclusters, quantum
dots, boxes, wires, etc.兲 has recently received considerable
attention for its potential use in optoelectronic devices.1 Owing to the fact that the valence-conduction band-gap increases with decreasing size of nano-objects, this effect may
account for an observed shift in the excitonic photoluminescence 共PL兲 towards higher energies in comparison with bulk
materials and consequently enhances quantum efficiency.2
The nature of the QC effect in semiconductors is quite well
established.1–3 The theory has been developed by assuming a
Mott-Wannier-type of exciton 共the big-radius exciton兲.4,5
Thus it has become customary to explain any blue shift in the
excitonic PL with decreasing nano-object size as resulting
from the quantum confinement effect.
Recent studies of silica-based mesostructures such as
nanoparticle composites6 and mesoporous silicas7 showed
that the size of nanometer-sized silica fragments 共nanoparticles with diameters 7–15 nm and walls among pores with
thickness ⬃1 nm in mesoporous silicas兲 strongly affects the
excitonic dynamics, also resulting in size-dependent PL
0163-1829/2001/64共8兲/085421共11兲/$20.00

properties. Bulk silicon dioxide (SiO2) is a typical wideband-gap material 共the SiO2 band-gap E g ⬵11 eV兲.8 Accordingly, the origin of the size effect in excitonic PL from silicabased mesostructures is expected to be different than that in
semiconductor nanoscale materials because of the contribution of another exciton-type 共the small-radius exciton兲.8
Since silica thin films and layers of nanometer-sized
widths are extensively used in electronic devices, knowledge
of the size effect on excitons in this material is of profound
importance for modern solid-state physics and nanoscale
technology. However, up to now only little is known regarding the origin of the size effect on excitons in wide-band-gap
materials. Only one example of the quantum-size effect on
the core excitons in diamond nanocrystals has been
reported.9 The nature of the core exciton in diamond 共the
band-gap E g ⬵5.5 eV, Ref. 10兲 was discussed extensively
and the exciton was initially assigned to the Frenkel type.11
However, recent experimental findings point the way to the
Mott-Wannier-type exciton in diamond.12 In either case, it is
characterized by a small radius 共the distance between electron and hole components兲 ⬃0.17 nm 共Ref. 13兲 although the
authors of Ref. 9 used the theory developed for the bigradius Mott-Wannier excitons in order to describe the size

64 085421-1

©2001 The American Physical Society

GLINKA, LIN, HWANG, CHEN, AND TOLK

PHYSICAL REVIEW B 64 085421

effect in nanodiamonds with diameter ranging from 3.5 nm
to 5 m. Alternatively, it is evident that the direct use of the
theory developed on the assumption of Mott-Wannier excitons to describe the size effects in wide-band-gap nanoscale
materials is inadequate. Since the small-radius exciton is associated with some atomic defects in the lattice,14 the electron and hole components are placed at some neighboring
lattice sites distanced by several angstroms 共usually Frenkeltype excitons兲. According to the generally accepted picture in
solid-state physics,15 such excitons are able to travel
throughout the crystal as a wave and is therefore responsible
for energy transport. The size of nano-objects commonly
studied is much larger than the distance between electron and
hole components in Frenkel excitons. Hence, the QC effect
on the small-radius exciton should be negligibly small even
in a weak confinement regime. By contrast, an increase in
excitonic energy is quite large and ranges several meV.9
From this point of view, it is extremely important to search
for other models to explain the blue shift of excitonic PL in
wide-band-gap nanoscale materials, taking into account the
specific features of the excitons generated.
Because an intermediate case between two main types of
excitons 共the Frenkel and Mott-Wannier excitons兲 occurs in
silicon dioxide,8 the free excitons 共FE’s兲 and self-trapped excitons 共STE’s兲 coexist in that material.8,11 It is known that the
self-trapping of FE’s results from exciton-phonon coupling
and appears in many insulators,8,11 including SiO2. According to the model of STE in SiO2, 16 the electron component of
the STE is an E ⬘ center 共oxygen vacancy兲 and the hole is
associated with a peroxy linkage (wSi—O—O—Siw). The
self-trapping process is accompanied by a strong distortion
of the SiO2 lattice, which leads to a large Stokes shift of the
STE PL 共STEPL兲 band. The resulting intrinsic recombination
in bulk silicas appears as an emission band peaked at ⬃2.75
eV with a full width at half maximum 共FWHM兲 of ⬃0.7 eV
and a lifetime  ⬃1 ms. 17 This emission is attributed to a
triplet-to-singlet transition in STE and can be induced by
ultraviolet light,17 energetic electrons,16 X-rays,8 or multiphoton absorption.6,7,18,19
It has recently been shown6,7 that the relaxation of FE’s
induced by a two-photon 共TP兲 absorption of 6.4 eV ArF laser
light in SiO2-based nanoscale materials is very complicated.
The relaxation process includes either the FE energy transfer
to impurities and structural defects with a subsequent excitation of their intrinsic PL or the self-trapping of FE’s followed
by STE radiative deexcitation appearing as the STEPL
band.6,7 The interaction of FE’s with the boundary of
nanometer-sized silica fragments can occur both as an energy
transfer process to the surface species 共an inelastic scattering兲 and as an elastic scattering of FE’s by the boundary,
depending on the surface conditions of nanometer-sized
silica fragments. We previously showed that the FE’s can be
laser heated up to high temperatures exceeding the activation
barrier for self-trapping.6,7 Hence, laser heating enhances the
efficiency of FE penetration through the STE barrier. The
situation preceding the self-trapping is also very intriguing.
Because of the laser heating process, the FE energy gained
from a laser field dominates over the corresponding energy
losses. As a result, one can reach a high density of FE’s in

the silica nanometer-sized fragments resulting in the formation of biexcitons followed by nonradiative relaxation into
Frenkel defects.6 The biexcitonic model of Frenkel defect
formation was suggested for bulk silica.20,21 Hence, the study
of size-dependent STEPL from silica-based nanoscale materials is essential to understand the peculiarities of FE relaxation in the confined space of nanometer-sized wide-bandgap materials.
In the current paper we present evidence for the size effect in STEPL from silica-based nanoscale materials induced
by TP absorption of 6.4 eV ArF laser light. The PL measurements were performed with the two kinds of mesostructures:
silica nanoparticle composites and recently discovered mesoporous silicas.22 The blue shift of the STEPL band observed
in the nanoscale materials with respect to the corresponding
band in bulk silica has been analyzed by two models. One of
them takes into account the QC effect on Mott-Wannier excitons typically occurring in semiconductor nanomaterials.
However, the use of this model leads to a contradiction
showing that the model is completely unusable when it is
applied to small-radius excitons. We propose a model, which
is based on the conception of laser heating of Frenkel-type
FE’s. In this case exciton heating is due to collisions with the
boundary of the confined regions of nanometer-sized silica
fragments in the presence of an intense laser field. According
to the model, the FE laser heating increases the efficiency of
the STE barrier penetration, giving rise to extremely hot
STE’s. As a result, the blue shift of the STEPL band is proposed to originate from the activation of hot 共phononassisted兲 electronic transitions. Our treatment of the experimental data by the two models unambiguously shows that in
some cases the blue shift of PL bands in wide-band-gap
nanoscale materials cannot arise from the QC effect but instead results from many-body FE dynamics involving the FE
heating effect. These results are expected to be useful in
order to avoid errors in the interpretation of size-dependent
properties of wide-band-gap nanoscale materials in general.
II. EXPERIMENTAL SECTION
A. Materials

Two kinds of variously sized silica nanoparticles 共Aerosil,
Degussa兲 and three kinds of mesoporous silicas of different
pore size in comparison with type-III fused silica as a bulk
material were studied. According to the vendors specification, the commercially available silica nanoparticles of a specific surface area 300 and 160 m2/g have the nominal particle
size of 7 and 15 nm 共diameter兲, respectively.23 The bulk
silica measured contains a large concentration of hydrogenrelated species,24 hence it is close in properties to the powders used.6,7,19,23 Mesoporous silicas were synthesized using
the method described previously,7 which is similar to that
originally proposed.22 The solids obtained have been examined by the powder x-ray diffraction method. On the basis of
x-ray diffraction patterns and previous data,7,22,25,26 we have
concluded that the sample with d 100 spacing 共repeat distance兲
of 3.83 nm is characterized by a crystalline ordering, thus it
corresponds to the MCM-41 material.22 By contrast, the
samples with d 100 spacings of 2.9 and 7.1 nm are suggested
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FIG. 1. Normalized time-resolved PL spectra for type-III fused
silica 共1兲 and silica nanoparticles with the size of 15 共2兲 and 7 nm
共3兲 at 90 K and  exc⫽193 nm (I L ⫽1.15 MW/cm2). Inset shows the
same PL spectra on an enlarged scale. The spectra were detected
with the following gate-delay/gate-width ratios in microseconds:
10/1 共1兲, 0/0.05 共2, 3兲.

to be amorphous.7,22,25,26 Note that the hexagonal pores of
disordered materials are not an ordered regular array as occur
in MCM-41 despite the fact that all remaining properties are
very similar.22 It is known that the d 100 spacings actually
reflect the pore size, neglecting the wall thickness 共⬃1
nm兲.27 Therefore we approximately estimate the pore size of
materials as ⬃3, ⬃2, and ⬃6 nm, respectively. All powders
used were pressed into pellets and then heat pretreated at
T ht⫽1173 K for 2 h in air. The samples were placed into a
vacuum chamber immediately after the heat pretreatment
procedure.
B. PL measurements

PL measurements were performed in a vacuum chamber
at 90 K using an ArF pulsed laser 关 exc⫽193 mm(20 ns兲;
Lumonics, EX-742兴 with a repetition rate of 10 Hz as a
source of excitation. The laser beam was focused by a 30 cm
lens into a 0.03 cm2 spot. The intensity of laser light could be
varied by a set of quartz plates and has been controlled to be
enough to initiate the TP adsorption process.6,7 No specimen
damage was observed during laser light irradiation in the
applied range of intensities. The specimens were oriented to
the laser beam by 45°. The PL was collected in a conventional 90° geometry by 0.5 m SpectraPro-500 monochromator 共Acton Research Corporation兲 with 1200 grooves/mm
grating blazed for the 500 nm. The PL spectra were recorded
in a time-resolved detection mode by using an R943-02 photomultiplier 共peak wavelength 300– 800 nm, Hamamatsu兲
connected with a gated electronic system 共SRS-250, Stanford
Research System兲. A set of optical filters has been used in

FIG. 2. Normalized time-resolved PL spectra for type-III fused
silica 共1兲 and mesoporous silicas with the pore size of ⬃3 共2兲, ⬃2
共3兲, and ⬃6 nm 共4兲 at 90 K and  exc⫽193 nm (I L
⫽1.15 MW/cm2). The spectrum 共2兲 corresponds to the ordered material 共MCM-41兲, whereas 共3兲 and 共4兲 represent the disordered ones.
Inset shows the same PL spectra on an enlarged scale. The spectra
were detected with the following gate-delay/gate-width ratios in
microseconds: 10/1 共1兲, 0/0.05 共2– 4兲.

order to cut scattered laser light from specimens. A LeCroy
oscilloscope was used to measure the PL time decay constants.
III. RESULTS AND DISCUSSION
A. Experimental results

The time-resolved PL spectra from silica nanoparticles
and mesoporous silicas measured with ArF laser excitation
( exc⫽193 nm) are shown in Figs. 1 and 2, respectively. The
spectra were compared with that of type-III fused silica used
as a corresponding bulk material. Overall, the PL spectra
consist of three contributions located in the red, green, and
blue spectral ranges in good agreement with previous
data.6,7,23 Because the assignment of the PL bands measured
in the conventional detection mode was done previously,6,7,23
we do not consider it here in detail. Note only that the green
band peaked at ⬃2.37 eV is characterized by a progression
with an origin 共0-0 transition兲 at about 2.50 eV for 15 nm
particles and about 2.55 eV for 7 nm ones.6 This band has
been assigned to hydrogen-related species.6,7,23 The band located in the red spectral range and peaked at 1.91 eV results
from
the
nonbridging
oxygen
hole
centers
共NBOHC’s兲.6,7,19,23,28,29 The blue band is attributed to emission from STE’s 共see Ref. 6 and references therein兲 and is
our main interest here. The assignment of the blue band is
based on the fact that the emission can only be induced when
TP regime of PL excitation has been used. Also, the blue
band gradually disappears with decreasing laser light intensity despite the fact that green and red bands remain strong,
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indicating a decrease in the efficiency of the STE barrier
penetration owing to the lack of FE laser heating.6 Note that
the spectra presented in Figs. 1 and 2 were measured with the
appropriate gate-delay/gate-width parameters, at which the
blue PL band appears with maximal intensity.
It has been shown recently that the laser light intensity
dependences of the PL yields for these PL bands can be
either quadratic or linear depending on the surface condition
of nanometer-sized silica fragments.6,7 The proposed reason
for that is the existence of several pathways in the TPproduced FE relaxation.6,7 Accordingly, an indirect excitation
of green- and red-light emitters can occur. This mechanism
involves the radiationless FE energy transfer into hydrogenrelated species and NBOHC’s followed by excitation of their
intrinsic electronic transitions and subsequent light emission.
An alternative pathway in the FE energy relaxation is related
to the self-trapping process. The further STE radiative relaxation leads to light emission appearing as the STEPL band.
The blue band in type-III fused silica measured is peaked
at 2.75 eV with FWHM and a time-decay constant in good
agreement with previous data.17 However, the STEPL band
is blue shifted in silica-based mesostructures 共Figs. 1 and 2兲
despite the fact that the green and red bands occur at the
same position as for bulk silica. It can be easily seen that the
green band in time-resolved spectra is peaked in the range
corresponding to the origin of green band progression 共2.5–
2.55 eV兲. This fact indicates that the green band appears as a
weak-intensity shoulder, so it does not affect dramatically the
STEPL peak. Therefore, we estimate the peak position of the
STEPL band as a maximum in the blue PL band appearing in
spectra. The exact identification of the energies of the STEPL
peak is shown in Figs. 1 and 2 by arrows. The greatest shift
of STEPL band 共⬃0.21 eV兲 with respect to the corresponding band for bulk silica was observed for the 7 nm particles.
The shift for the 15 nm particles is ⬃0.06 eV. Note that the
resulting 2.81 and 2.96 eV bands are characterized by a
larger FWHM 共⬃0.8 and 1 eV, respectively兲 and decay much
faster 共 ⬃4 – 5  s at 90 K兲. The more rapid decay of the
STEPL in comparison with those typically observed for bulk
SiO2 materials is interpreted as an increase in the selftrapping efficiency for FE’s owing to their laser heating.6,7
Analogously, the STEPL band is shifted towards the
higher energies for disordered mesoporous silicas 共Fig. 2兲. At
the same time, the band shows little or no shift in the case of
ordered MCM-41. Our sophisticated treatment of the PL
spectra allows one to assume that the blue shift originates
from the rise of additional emission components for the
STEPL band. Since the components arise at the shortwavelength side, it appears as a blue shift of the STEPL band
as a whole. It can be easily seen that only a single additional
component peaked at ⬃2.81 eV arises in the case of smaller
pore sized 共2 nm兲 material 共Fig. 2, curve 3兲. One can observe
two additional components peaked at ⬃2.81 and ⬃2.9 eV for
the 6 nm pore sized mesoporous silica 共Fig. 2, curve 4兲.
Hence, the shifts of STEPL band for mesoporous silicas with
respect to the corresponding band for bulk silica are ⬃0.06
eV for the 2 nm pore sized material and ⬃0.06 and ⬃0.15
eV in the case of 6 nm pore size. Because the exact size of
silica fragments 共the wall thickness兲 in mesoporous materials

FIG. 3. The blue shift of STEPL peak plotted against the primary size of silica nanoparticles 共black squared points兲; the point
corresponding to type-III fused silica is marked as a 100-nm-sized
particle. The fit to the data by 1/D 2 and exp(1/D) function types are
drawn by solid lines marked as 共1兲 and 共2兲, respectively.

is difficult to estimate, we are not able to associate directly
the greater blue shift with the smaller wall thickness. However, we will show later that this statement is quite correct,
so the wall thickness in larger pore sized materials is expected to be thinner than that for smaller pore size.
The following sections discuss the nature of the blue shift
occurring for the STEPL band taking into account two different models based on the QC and FE laser heating effects.
We will restrict our consideration to the model of spherical
silica nanoparticles despite the fact that the conclusions
made can be applied to the silica-based mesostructures as a
whole.
B. The quantum confinement effect treatment

Let us analyze the experimental results presented in the
preceding section from the QC effect standpoint. As we mentioned above, the theory of QC effect has been developed for
semiconductor nanoscale materials on the assumption of
Mott-Wannier-type excitons.4,5 The energy of excitons in
semiconductors rises with decreasing size of nanoparticles as
E共 D 兲⫽

2ប 2  2

* D2
m e-h

共1兲

,

* taken as either
where the efective mass of the exciton m e-h
* ⫽m e* ⫹m h*
m e-h

or

* ⫽
m e-h

m*
e m h*
m*
e ⫹m *
h

共2兲

corresponds to weak and strong QC regimes, respectively.
Here E(D) is measured from the minimum excitonic energy
corresponding to bulk materials, D is the nanoparticle diameter and m e* and m h* are effective electron and hole masses.
Alternatively, two QC regimes reflect the ratio of nanoparticle size D to the effective bohr radius a *
b of the exciton in
5
bulk materials. As this takes place, two limiting cases, a *
b
ⰆD and a *
b ⰇD, correspond to the weak and strong QC
regimes, respectively. According to this theory, we have
treated the blue shift of the STEPL band in silica nanoparticles by Eq. 共1兲. The result of a fit to the data is shown as a
solid line in Fig. 3 共curve 1兲. From this fit we obtain the
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FIG. 4. SiO2 nanoparticle exposed to 6.4 eV laser light. It is
assumed that the FE could be generated at the point A.

* ⫽1.31⫻10⫺31 kg. According to the experimenvalue of m e-h
30
tally obtained fact that in silica glasses m *
e ⫽m h* ⬵m,
⫺31
where m⫽9.11⫻10
kg is the electron mass, one can get
* ⫽18.22⫻10⫺31
using Eq. 共2兲 the following values for m e-h
⫺31
and 4.56⫻10
kg for the weak and strong QC, respec* obtained from the fit is
tively. Because the value of m e-h
smaller than that required for strong QC, one can conclude
that the strong QC regime is more appropriate to occur in
silica nanoparticles. However, since the effective bohr radius
a b* of STE in SiO2 is estimated to be ⬃0.5 nm 共Ref. 30兲 and
the minimal diameter of nanoparticles used D⫽7 nm, it is
reasonable to expect a weak QC regime. This contradiction
reflects a limit in the theory developed for the Mott-Wannier
excitons in semiconductors to describe the size effect in
STEPL from wide-band-gap nanoscale materials. In other
words, the experimentally observed blue shifts are extraordinarily large compared to that expected from the theory.
The STEPL measurements for mesoporous silicas support
this statement as well. It is known that the wall thickness in
ordered and disordered mesoporous silicas is estimated to be
⬃1 nm.27 Evidently, since this value is much smaller than the
minimal diameter of nanoparticles used, it is reasonable to
expect that the blue shift should be greater than that for the 7
nm silica particles. However, the band shift observed is
smaller, indicating again some contradiction with the theory.
Finally we note that all experimental results discussed show
that the nature of the size effect in STEPL from silica-based
nanoscales is different from that occurred in semiconductor
nanoscale materials.
C. The FE laser-heating effect treatment
1. Setting up the problem

Now we present an alternative model based on the conception of FE laser heating to explain the size effect in
STEPL from silica-based mesostructures 共Figs. 4 and 5兲. It is
well known that the self-trapping process is caused by a localization of FE’s in the lattice, which requires excitonic energy reduction.11 As a result, the STE states occur below the
FE ones 共Fig. 5兲. It is predicted that there exists a STE barrier for FE’s which can be passed either by tunneling or by
activation 共Fig. 5兲.11 We previously showed that the FE heating up to energy exceeding the activation barrier enhances
their efficiency to be self-trapped.6 By contrast, the cooled
FE’s are able to reach STE states only by tunneling. Totally,
the efficiency of the FE penetration through the STE barrier
increases with the FE temperature 共kinetic energy兲 and
reaches its maximum when the FE energy exceeds the acti-

FIG. 5. Schematic diagram in the terms of chemical bonding in
wSi—O—Siw clusters for FE’s and STE’s in silica and corresponding absorption and emission transitions. The solid and dashed
arrows show two possibilities for the self-trapping barrier overcome
by activation or by tunneling, respectively. The hot transitions
共phonon-assisted兲 are shown additionally.

vation energy required for overcoming the barrier. Because
extremely hot STE’s occur after the FE passes through the
STE barrier, the thermalization of STE’s is dominated by the
emission of lattice phonons 共the cooling of STE’s and heating of nanometer-sized silica fragments兲. However, if an
equilibrium condition is achieved between the electron-hole
and lattice-phonon subsystems, the STE is able either to emit
or absorb phonons. The activation of hot 共phonon-assisted兲
electronic transitions can occur at the aforesaid equilibrium
condition.
It has been recently established that the main specific feature of the laser heating process for TP-produced FE’s generated in the confined space of silica-based nanoscale materials is the fact that the FE’s are produced at the condition
when intense laser light is applied (⬃106 W cm⫺2). 6 This
results from the fact that the rate of TP transitions is usually
small,31 so the laser light used should be much stronger in
order to reach an excitation than that required for the singlephoton process. Additionally, the mean free path length, L,
for FE in bulk silicas is much longer than the size of silica
fragments in mesostructures considered 共for example, in
type-III fused silica L⬃500 nm兲.8 The latter feature indicates
that FE’s should suffer collisions with the boundary of confined regions. It has been recently shown6,7 that the interaction of FE’s with the boundary can occur either as the FE
energy transfer into the surface species with subsequent light
emission or without energy transfer as an elastic scattering
共Fig. 4兲. Of course, an FE collision with the nanoparticle
boundary should be considered as an interaction with some
surface atom. However, we will continue to refer to the process as an interaction with the nanoparticle boundary bearing
in mind the FE scattering by surface atoms. Taking into account this assumption, one can predict that a FE is able to
suffer many collisions with the boundary within the applied
laser pulse. As this takes place, the frequency of collisions
will tend to be higher with decreasing size of silica fragments. Under these conditions the FE’s can additionally gain
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energy from a laser field and be heated up to high temperature, creating an electron-hole plasma. We have recently proposed that the TP-excited PL from silica-based mesostructures reflects the dynamics of FE relaxation in the confined
space of nanometer-sized silica fragments, including either
elastic or inelastic scattering by the boundary, the laser heating of FE’s resulting in an increase in the self-trapping rate
and the formation of biexcitons relaxing into Frenkel
defects.6,7
Note that the FE cannot directly gain additional energy
from the laser field, similarly as free electron in an ionized
plasma.32–34 It can be shown that if we assume that such a
process occurs, then the conservation rules for energy and
momentum cannot be satisfied simultaneously.34 However,
this is not the case for FE’s suffering collisions with the
boundary in a similar way as for electron-ion collisions in
plasma32–34 and on the surface of silica nanoparticles.35 At
the stated conditions the FE’s are able to gain additional
energy from an electromagnetic field. Accordingly, their
maximal kinetic energy E e-h can be expressed as follows34,35
E e-h ⫽E ini⫹E max ,

共3兲

where E ini is an initial energy of FE’s after their generation
and E max is the greatest possible energy of FE’s gained
within the laser heating process,


E max⫽

兺

n⫽1

⌬E 共 n 兲 ⫽  ⌬E 共 n 兲 ,

共4兲

where  is the maximal number of collisions within the laser
pulse duration of  L , and ⌬E (n) denotes the energy increment due to a single collision, which corresponds to an increment of the FE velocity ⌬V 共Fig. 4兲. The energy increment ⌬E (n) can be found similarly as for electron laser
heating in an ionized plasma.34 According to Eq. 共4兲, the
greatest possible energy of FE’s is determined by the energy
increment due to a single collision and the maximal number
of FE collisions with the nanoparticle boundary within the
laser pulse duration of  L . Evidently, the collision number
depends on the mean free path length of FE between two
sequential collisions, which in turn is determined by the diameter of nanoparticles. All these issues will be considered
in the next sections. However, because to our knowledge the
FE laser heating process in nanoscale solids has never been
considered before, let us first summarize briefly the solidstate background required to solve the problem.

the Hartree-Fock equation for electron gas into the oneelectron Schrödinger’s equation for the solid state:14

再

ប2
⌬⫹V 共 r 兲 ⫺e
2m

冕

冎

共 r ⬘ 兲 ⫺¯ HF共 r,r ⬘ 兲
d  ⬘  j共 r 兲
兩 r⫺r ⬘ 兩

⫽E j  j 共 r 兲 ,

共5兲

where ¯ HF(r,r ⬘ ) is Slater’s averaging of the exchange interaction of 关  HF
j (r,r ⬘ ) 兴 in the Hartree-Fock equation, and
 j (r) are Bloch functions as one-electron functions in the
Slater determinant.14 Since the whole Hamiltonian of interaction in Eq. 共5兲 after Slater’s averaging does not depend on
j, it is common to all electrons of the system. According to
this approximation, the electrons in the solid can be considered as noninteracting quasiparticles propelled by some total
averaged potential 关second and third terms in Eq. 共5兲兴. As
this takes place, the quasifree electron is characterized by the
mean electron velocity, the mean electron momentum, and
the effective mass. Finally, the electron motion in the solid
state is equivalent to a motion of quasiparticle with the effective mass m *
e in a viscous state with the friction coefficient of 1/, where  is the relaxation time.14 We will use the
previously mentioned solid-state background to describe the
behavior of FE’s in the confined space of the nanometersized silica fragments of silica-based mesostructures. Despite
the fact that the FE’s in the solid should be considered as
quasifree excitons, we will continue to use the term FE’s
bearing in mind quasiparticles. Note also that in the general
case it is necessary to solve the Boltzmann equation, describing the FE relaxation in the solid state due to interaction with
optical phonons.14 However, because the mean free path
length of FE’s in bulk silica is much longer than the size of
silica fragments in mesostructures considered, the relaxation
time  among collisions with the boundary of confined regions is negligibly small. At the condition mentioned the
kinetic energy of FE’s will be affected exclusively by the
interaction with the boundary rather than the interaction with
optical phonons. As a result, we can neglect all the processes
of energy dissipation for FE’s due to interaction with
phonons and consider thereof as the free quasiparticles of
* interacting with the nanoparticle boundeffective mass m e-h
ary. Moreover, we assume that the FE energy gained by collisions is much greater than that initially taken at FE generation. This statement corresponds to the condition, at which
the increment of FE velocity due to each collision with the
boundary should be much higher than the initial velocity of
FE’s, ⌬VⰇV 0 . Really, the initial kinetic energy of FE’s can
be estimated as follows

2. The solid-state background of the FE laser heating problem

The picture suggested in general resembles the behavior
of electrons suffering collisions with ions in an ionized
plasma.32–34 To clarify this statement we briefly recall several known propositions from solid-state physics providing
the basis, on which the FE laser heating problem could be
solved. It is known that the electron in the solid state can be
considered as a quasiparticle.14,15 Slater suggested a procedure to average the exchange interaction of quasiparticles in
the solid state, which is responsible for the modification of

⫺

E e-h ⫽2ប  exc⫺E g ⫺ 共 E g -E g x 兲 ⫺E A ⫺ 具 ប  LO典 ⬇0.8 eV,

共6兲

where ប  exc⫽6.4 eV is the laser photon energy, (E g ⫺E g x )
is the FE binding energy, where E g x denotes the FE energy
gap 共⬃10.2 eV兲,8 E A is the activation energy for FE hopping
共⬃0.1 eV, Ref. 8兲 and 具 ប  LO典 denotes the average energy of
LO phonons in silica nanoparticles 共⬃0.1 eV兲.36 Since the
value estimated is much smaller than the energy of laser
photons used and which could be additionally absorbed
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within the FE laser heating process, we will neglect the initial energy of FE’s taken without collisions. Then Eq. 共3兲
with Eq. 共4兲 can be rewritten as
E e-h ⫽  ⌬E 共 n 兲 ⫽

* 共 ⌬V 兲 2
 m e-h
.
2

共7兲

Note that the notions of the FE mean-free-path length and FE
lifetime commonly used for bulk materials lose completely
their meaning under the conditions mentioned because of the
lack of energy dissipation of FE’s among collisions. The lifetime of FE’s in this case is determined exclusively by the
pulse duration of laser light. Accordingly, the total average
effective mean-free-path length of FE’s will be determined as
(n)
(n)

L⫽ 兺 n⫽1
典, where 具 L eff
典 is the average effective mean具 L eff
free-path length of the FE between two sequential collisions.
The word ‘‘effective’’ reflects the limited utility of the notion
of the FE mean free path length in the case of nanometersized solids.
3. Laser heating of the plasma

In the current section we briefly consider the laser heating
of electrons in an ionized plasma as an analog of the process
occurring with FE’s in silica-based nanoscale materials. The
electron heating by electromagnetic waves is well known,
and is usually referred to the inverse bremsstrahlung
process.32–34 This process is associated with the absorption
of additional quanta from the laser field due to electron scattering in the presence of a strong electromagnetic wave. The
additional energy can be gained either by single-photon absorption or by a multiphoton process depending on the intensity and frequency of laser light.32–34 Accordingly, the energy
rate equation for an electron in ionized plasma in the presence of an intense laser field of amplitude E 0 is expressed as
follows34
e 2 E 20 
dE
2Em 
⫽
,
2
2 ⫺
dt 2m 共  ⫹  兲
M

⬇

M e 2 E 20
4m 共  ⫹  兲
2

2

2

e 2 E 20   L
2m 共  2 ⫹  2 兲

冋

⫽

冉

1⫺exp ⫺

2m   L
M

4. The energy gained by FE due to a single collision with a
nanoparticle boundary

According to the previous discussion, Eq. 共9兲 could be
applied to a free electron in the solid with m *
e in place of m.
Then the classical electron radius r e is transformed into the
2
, where  and c m are the dipolaron radius r p ⫽e 2 /m e* c m
electric constant and the velocity of light in a medium,
respectively.11 In a similar way the substitution of m h* into
Eq. 共9兲 gives the expression describing the energy gain for
holes with the same polaron radius r p , because of m e*
30
⫽m *
The energy gained by each collision is equal in
h ⬅m.
magnitude because all the parameters discussed are constant
at the fixed intensity of laser light used. The effective laser
field in a medium increases by the factor of E eff⫽E0
⫹(4/3) P, where P is the total polarization of a medium,
which in the high-frequency limit is expressed as P⫽( ⬁
⫺1)E 0 /4 , 14 where  ⬁ is the high-frequency dielectric constant 共for silica  ⬁ ⫽2.14, Ref. 36兲. Finally, the FE energy
gain due to a single nth collision with the nanoparticle
boundary can be expressed as a sum of energies gained by
electron and hole together. Then we have
⌬E

冊册

 2r eI L  L
 2r eI L  L
, 共9兲
⬇
 c 共 1⫹  2 /  2 兲
c

where it has been reasonably assumed that M Ⰷm and 
Ⰷ  , also taken into account that the laser light intensity is
I L ⫽(c/8 )E 20 ,⫽2  c/  is the laser light wavelength, r e
⫽e 2 /mc 2 is the classical electron radius, and c denotes the
velocity of light in vacuum. It can be easily seen that the
energy gained by the electron linearly depends on the laser

共n兲

⫽

* 共 ⌬V 兲 2
m e-h
2

⬇

2 2 r p I Leff

cm

,

共10兲

2
is the effective laser light intensity in
where I Leff⫽(cm/8 )E eff
nanometer-sized silica fragments. Here we used the collision
number within  L as  ⫽   L ⫽1. Correspondingly, the increment of the FE velocity due to an nth collision is

共8兲

where the first term describes the energy gain and the second
one corresponds to the energy loss due to collisions with
ions. In Eq. 共8兲 e and m are the electron charge and mass, M
is the ion mass, and  and  denote the frequencies of the
laser field and collisions, respectively. The direct integration
within the laser pulse duration of  L and using the initial
condition E⫽0 when t⫽0 gives
E⫽

light intensity indicating the single-photon inverse bremsstrahlung process. One can show that in the case of a nonlinear interaction the efficiency of light absorption will depend on the intensity in power ␣, where ␣ denotes the
number of photons taking part in the absorption process.32–34

⌬V⬇

冉

4 2 r p I Leff

* cm
m e-h

冊

1/2

共11兲

Note that we do not consider here the nonlinear FE laser
heating because such processes are expected to occur only at
laser light intensities much higher than used in our measurements.
5. The average effective mean-free-path length between two
sequential collisions

In this section we consider the effective mean-free-path
length of FE’s suffering collisions with the nanoparticle
boundary. Because the FE is assumed to be involved in an
elastic scattering process, it may be scattered by the boundary in an arbitrary direction inside nanoparticle. Note that
such a situation repeats for each collision and the total path
length of the FE within a time frame of  L is determined as
a sum of effective mean-free-path lengths between all sequential collisions. It is easy to show taking into account the
differential area element on the surface of a spherical shell
with diameter D, that the probability of FE scattering by the
boundary over a whole set of directions, making an angle
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between  and  ⫹d  with respect to a tangent plane to the
surface is dW⫽cos  d. Then the average effective meanfree-path length for nth collision is found by standard procedure

具 L 共effn 兲 典 ⫽

冕

ldW⫽

冕

 /2

0

l cos  d  ,

具

典⫽

冕

 /2

0

D sin  cos  d  ⫽D/2.

共13兲

Therefore, the total average effective mean-free-path length
of the FE, suffering  collisions within a time frame of  L , is
(n)

L⫽ 兺 n⫽1
具 L eff
典⫽D/2.
6. The maximal number of FE collisions in a nanoparticle of
diameter D within  L

According to previous sections, the FE moves uniformly
through the nanoparticle body among collisions with the initial velocity of V 0 . After each collision with the boundary,
the energy of FE’s increases by the value of ⌬E (n) , which
corresponds to an increase in the velocity of the FE by ⌬V
共Fig. 4兲. Using this model, the time required for the FE to
reach the boundary for the first time is expressed as ⌬t 0
(n)
⫽ 具 L eff
典/V0 . The time between first and second collisions is
(n)
⌬t 1 ⫽ 具 L eff
典/(V0⫹⌬V). Correspondingly, the time between 
(n)
⫺1 and  sequential collisions is ⌬t  ⫽ 具 L eff
典/(V0⫹⌬V)
共Fig. 4兲. It is evident that in the framework of the model

⌬t i ⫽  L . Hence we can write
considered 兺 i⫽0

 L⫽

具 L 共effn 兲 典
⌬V

⫹

冉

⌬V
1
⫹
V0
V0
⫹1
⌬V

冊

共14兲

Because we use again approximation ⌬VⰇV 0 , the ⌬V/V 0
terms in the denominators of series can be left out. Then we
have

 L⫽

冉

⌬V

V0

冊

1
1 1
⫹1⫹ ⫹ ⫹¯⫹ .
2 3


共15兲

When working with such a type of series we recognize the
Euler’s constant ␥ ⫽0.577 . . . 共Ref. 37兲 and

冉

冊

1 1
1
␥ ⫽ lim 1⫹ ⫹ ⫹¯⫹ ⫺ln n .
2 3
n
n→⬁

共16兲

Hence,

冉

冊

1
1 1
␥ ⫹ lim ln n⫽ lim 1⫹ ⫹ ⫹¯⫹ .
2 3
n
n→ 
n→ 
Then Eq. 共15兲 can be rewritten as follows

冉

V0

冊

⫹ ␥ ⫹ln  .

共18兲

冋 冉

 ⫽exp ⌬V

冊 册

2L 1
⫺␥ .
⫺
D
V0

共19兲

Hence, the maximal collision number rises with 共1兲 the decreasing diameter of nanoparticles, 共2兲 increasing laser pulse
duration, and 共3兲 increasing the energy gained by a single
collision with the boundary.
7. The maximal energy gained by FE’s within  L

Substituting Eq. 共10兲 and Eq. 共19兲 with Eq. 共11兲 into Eq.
共7兲 one can obtain an expression for the final kinetic energy
of FE’s, suffering  collisions with the boundary of the nanoparticle of diameter D exposed to laser light with wavelength
, intensity I L , and pulse duration  L
E e-h ⬇

2 2 r p I Leff

cm

冋 冉

冊冉

r p I Leff
2L 1
⫺
exp 2
⫻
* cm
D
V0
m e-h

冊 册
1/2

⫺␥ .
共20兲

It can be easily seen from Eq. 共20兲 that at the fixed parameters of the laser excitation (,I L ,  L ) and the material used
* ,c m ,r p ) the energy of FE’s gained by laser heating
(V 0 ,m e-h
increases with decreasing nanoparticle diameter as exp(1/D).
Also, the efficiency of the FE laser heating process should be
much higher with increasing wavelength, intensity, and pulse
duration of applied laser light.
D. Comparison with experimental data

1
1
1
⫹
⫹¯⫹
.
V0
V0
V0
⫹2
⫹3
⫹
⌬V
⌬V
⌬V

具 I 共effn 兲 典 ⌬V

⌬V

Finally using Eq. 共13兲 we can get for  the following relationship

共12兲

where l⫽D sin  is a chord. Finally, the integration yields
L 共effn 兲

 L⫽

具 L 共effa 兲 典 ⌬V

共17兲

As we mentioned above, FE laser heating leads to an
increase in the FE kinetic energy. One can reach the condition at which FE’s are extremely hot, so they create a highdensity electron-hole plasma. The temperature of laserheated FE’s, which have suffered only a single collision with
the boundary can be estimated using a gas kinetics approximation34 as follows: T FE⫽(2/3)(6.4 eV/K)
⬇0.5 105 K, where k is the Boltzmann constant. The obtained value is typical for MP-produced excitons38 and laserheated plasma.34 Because the FE’s suffer many collisions,
the temperature of the plasma created is expected to be much
higher than the estimated value. However, the energy losses
should also be taken into account in order to make a correct
estimation of the maximal temperature of the electron-hole
plasma. The formation of biexcitons with their subsequent
transformation into Frenkel defects is assumed to be one of
the pathways of FE energy relaxation. Alternatively, it has
been shown experimentally that laser heating of FE’s is responsible for an increase in the efficiency of the FE penetration through the STE barrier.6 As a result, the intensity of the
STEPL band becomes higher with the power of the laser
light as compared to the PL bands related to the hydrogenrelated centers and NBOHC’s.6
The hot FE’s reaching STE states normally lose energy by
the emission of lattice phonons 共the process of STE cooling兲.
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As this takes place, the lattice is heated up to a certain temperature. Further thermal diffusion causes the cooling of
nanometer-sized silica fragments. Because there is a big difference in the temperatures of electron-hole and lattice phonon subsystems, a temperature gradient is formed. One
would expect that the heat transfer from hot STE’s into the
lattice is proportional to the temperature gradient.14 Finally
the electron-hole and lattice-phonon subsystems come to a
thermal equilibrium condition, which is due to thermal losses
at the boundary. If the lattice temperature at the thermal equilibrium condition is not high enough, radiative transitions
can occur from the minimum of STE adiabatic potential surface into the ground state corresponding to the undisturbed
lattice site 共Fig. 5兲. However, if the lattice temperature at the
thermal equilibrium condition corresponds to the energy of
lattice phonons, the STE is able either to emit or absorb
lattice phonons and, as a result, the radiative relaxation of
STE’s can involve phonon-assisted transitions 共hot transitions兲. The availability of phonon-assisted transitions appears
as additional light emission components in the STEPL band.
The resulting components are situated in the short wavelength side of the STEPL band with a shift equal to the
lattice phonon energy, so they form a phonon sideband. A
photon emitted within this process is ប  PL⫽E g STE⫹ប  LO ,
where E g STE denotes the STE energy gap. Accordingly, one
can observe what appears to be a blue shift in the STEPL and
its value will be affected by the maximal energy of FE’s
gained due to the laser heating process. It can be easily seen
from Fig. 1 that the FWHM of the STEPL band in silicabased mesostructures slightly increases because of simultaneous contributions from phonon-free and phonon-assisted
transitions. Evidently, if the more energetic phonons are involved in the emission process, the shift is greater and vice
versa. The lattice temperature at thermal equilibrium condition can be estimated by using experimentally observed
shifts of the STEPL bands in the same way as it has been
done for heated FE’s: T 1 ⫽(2/3)(0.06 eV/K)⬇4.6⫻102 K,
T 3 ⫽(2/3)(0.21
T 2 ⫽(2/3)(0.15 eV/K)⬇1.16⫻103 K,
eV/K)⬇1.6⫻103 K. The temperatures obtained are quite
reasonable.
Let us consider now what kinds of SiO2 lattice phonons
can be involved in phonon-assisted transitions. According to
Ref. 36, there exist three types of LO 共longitudinal-optical兲
and TO 共transverse-optical兲 phonon modes in silica nanoparticles, which correspond to three different local vibrational
motions of oxygens with respect to the silicon atoms: the
rocking, bending, and asymmetrical motions, respectively.
The corresponding frequencies are the following: TO1
⫽424 cm⫺1 (0.053 eV), LO1 ⫽471 cm⫺1 (0.058 eV), TO2
⫽791 cm⫺1 (0.098 eV), LO2 ⫽1005 cm⫺1 (0.125 eV), TO3
⫽1086 cm⫺1 (0.135 eV), LO3 ⫽1206 cm⫺1 (0.150 eV). As
we demonstrated above, the STEPL blue shift for 15 nm
particles is 0.06 eV, so this can be attributed to the activation
of LO1 phonon-assisted transitions 共Fig. 5兲. The more energetic phonons are involved in the case of 7 nm silica nanoparticles in full agreement with the theoretical prediction.
Accordingly, the radiative transitions are assisted by a com-

bined phonon mode LO1⫹LO3 (0.058⫹0.15⫽0.208 eV),
the energy of which is close to the experimentally observed
blue shift 共0.21 eV兲 共Fig. 5兲.
The STEPL blue shifts observed in mesoporous silicas
can be interpreted in the same way. First note that the FE
laser heating model completely eliminates the contradiction
mentioned in Sec. B. It becomes evident that in the case of
small-radius Frenkel excitons the wall thickness in the range
of ⬃1 nm is large enough to expect the QC effect. On the
other hand, because the materials possess a regular array of
uniform channels, the walls can be considered as onedimensional silica fragments with ⬃1 nm width. One can
imagine that the FE’s are able to move along the onedimensional fragments without collisions with the boundary
thus hampering laser heating. As a result, the blue shifts
observed in the mesoporous silicas are smaller than those in
7 nm silica nanoparticles. Also, the ordering of mesoporous
materials affects the heating efficiency. Since the disordered
mesoporous silicas contain many defects in the regularity of
channels and since this feature will lead to the high incidence
of FE collisions, it is reasonable to assume that the laserheating efficiency should be somewhat higher than that in
ordered materials. This is a reason why the blue shift for
STEPL band in MCM-41 materials does not occur. Accordingly, the 0.06 eV blue shift in the 2 nm pore sized disordered mesoporous silica is assumed to be due to an activation of LO1 phonon-assisted transitions, similarly as for 15
nm silica nanoparticles. In the case of 6 nm pore sized material the activation of LO1 and LO3 phonon-assisted transitions are responsible for the 0.06 and 0.15 eV shifts, respectively. The greater blue shift for 6 nm pore sized materials
indicates that the heating efficiency of FE’s in this case is
higher than that for smaller pore sized mesoporous silica.
This means that the collision number of FE’s with the boundary is greater and in turn the wall thickness among mesopores is expected to be thinner.
It should be noted that the blue shift of the STEPL band in
the model presented is determined both by the maximal energy of FE’s gained by laser heating before being selftrapped and by a combination of phonon modes existing in
the given kind of materials at the lattice temperature corresponding to the thermal equilibrium condition between
electron-hole and lattice-phonon subsystems. It has been
shown above that the maximal energy of FE’s increases with
decreasing size of nanoparticles as a function of exp(1/D)
关Eq. 共20兲兴. Because of the proportionality between the heat
transfer rate and the temperature gradient mentioned above,
the final lattice temperature at the thermal equilibrium condition will be proportional to the maximal temperature of
laser-heated FE’s. Therefore, the function exp(1/D) can be
applied to describe the dependence of the STEPL band shift
with decreasing size of silica fragments. Of course, the fit to
experimental data is somewhat qualitative because of the
simplified type of the fitting function and the fact that the
actual size of nanoparticles allows for some variations. However, we discuss here the essential physics of the process.
Our task is to identify the physical mechanisms responsible
for the observed blue shift in the excitonic PL for wide-bandgap nanoscale materials. From this point of view, the func-
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tion exp(1/D) that arises from the new model correctly describes a tendency for the shift of the STEPL band in silica
nanomaterials. Since the properties of the function exp(1/D)
is close to that of 1/D 2 , the blue shift of STEPL band can be
fitted by either of them 共Fig. 3兲, despite the fact that 1/D 2
function is usually consistent with the QC effect but
exp(1/D) is related to the FE laser heating process. The similarity of the function types, describing the blue shift of excitonic PL with decreasing size of nanometer-sized fragments,
may be a source of errors in the interpretation of size effects
on excitons in wide-band-gap nanoscale materials.
Alternatively to the hot radiative transitions mentioned
above, it is reasonable to expect a similar phonon-assisted
process in the absorption of light by solids. Accordingly, the
phonon emission accompanying the light absorption process
共an indirect process兲 should manifest itself as a shift in the
excitonic absorption band. Such type of indirect transitions
was observed in photoelectron emission from the bulk diamond due to exciton breakup.39 Taking into account the
phonon-assisted transition conception let us consider the experimental results taken from the x-ray-absorption spectroscopy of nanodiamonds, initially explained as a QC effect on
the core exciton.9 First note that the authors of the paper
quote the QC effect on Mott-Wannier excitons in Si
nanocrystals3,40 as similar to the situation occurring in nanodiamonds. However, the nature of excitons in bulk diamond
and silicon is completely different. As mentioned in the Introduction, the effective bohr radius of the core exciton in
diamond is 0.17 nm,13 whereas it is estimated to be ⬃5.25
nm in silicon.41 Additionally, the Mott-Wannier exciton in
silicon is an example of the weak vibronic coupling effect,41
whereas the core exciton in diamond is characterized by a
very strong vibronic coupling constant, resulting in the appearance of a phonon sideband in x-ray emission spectra
with vibrational numbers as high as 35.10 It is evident from
this comparison that the size effect in these nanocrystals cannot be considered jointly. Despite this fact the authors of Ref.
9 used the QC model developed for Mott-Wannier excitons
in semiconductors. Moreover, they pointed to a monotonic
shift of excitonic peak in the C K-edge absorption spectrum
towards higher energies as a crystallite radius decreases.
However, it can be easily seen from the corresponding figure
that the peak practically does not shift 共289.0 eV兲 for crystallites with radii in the range of 35 nm to 5 m, whereas it
is situated at 289.4 eV when the size is less than 35 nm
共27–3.6 nm兲. Because of indirect band-gap and strong vi-
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