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Size effect in self-trapped exciton photoluminescence from SiO2-based nanoscale materials
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Direct evidence for a size effect in self-trapped exciton~STE! photoluminescence~PL! from silica-based
nanoscale materials as compared with bulk type-III fused silica is obtained. Two kinds of mesostructures were
tested:~1! silica nanoparticle composites with primary particle size of 7 and 15 nm,~2! 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 cm22 and measured in
a time-resolved detection mode. Two models are applied to examine the blue shift of the STE PL~STEPL!
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~the band-gap of bulk silicaEg>11 eV!. In order to explain the experi-
mental data, we propose a model that takes into account the laser heating of Frenkel-type free excitons~FE’s!.
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~phonon-assisted! electronic
transitions. Good agreement between experimental data and our FE laser heating model has been obtained.

DOI: 10.1103/PhysRevB.64.085421 PACS number~s!: 81.07.2b, 78.55.Hx, 61.46.1w, 42.62.Fi
m
le

in
m
es
lk
c
e
g

th
tin

it

P

-
at in
ribu-

ed
dge
nd
cale
d-
ap
on

een

y
.

the

-

ig-
ize
I. INTRODUCTION

The quantum confinement~QC! effect in semiconductor
nanoscale materials~nanoparticles, nanoclusters, quantu
dots, boxes, wires, etc.! has recently received considerab
attention for its potential use in optoelectronic devices.1 Ow-
ing to the fact that the valence-conduction band-gap
creases with decreasing size of nano-objects, this effect
account for an observed shift in the excitonic photolumin
cence~PL! towards higher energies in comparison with bu
materials and consequently enhances quantum efficien2

The nature of the QC effect in semiconductors is quite w
established.1–3 The theory has been developed by assumin
Mott-Wannier-type of exciton~the big-radius exciton!.4,5

Thus it has become customary to explain any blue shift in
excitonic PL with decreasing nano-object size as resul
from the quantum confinement effect.

Recent studies of silica-based mesostructures such
nanoparticle composites6 and mesoporous silicas7 showed
that the size of nanometer-sized silica fragments~nanopar-
ticles with diameters 7–15 nm and walls among pores w
thickness;1 nm in mesoporous silicas! strongly affects the
excitonic dynamics, also resulting in size-dependent
0163-1829/2001/64~8!/085421~11!/$20.00 64 0854
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properties. Bulk silicon dioxide (SiO2) is a typical wide-
band-gap material~the SiO2 band-gapEg>11 eV!.8 Accord-
ingly, the origin of the size effect in excitonic PL from silica
based mesostructures is expected to be different than th
semiconductor nanoscale materials because of the cont
tion of another exciton-type~the small-radius exciton!.8

Since silica thin films and layers of nanometer-siz
widths are extensively used in electronic devices, knowle
of the size effect on excitons in this material is of profou
importance for modern solid-state physics and nanos
technology. However, up to now only little is known regar
ing the origin of the size effect on excitons in wide-band-g
materials. Only one example of the quantum-size effect
the core excitons in diamond nanocrystals has b
reported.9 The nature of the core exciton in diamond~the
band-gapEg>5.5 eV, Ref. 10! was discussed extensivel
and the exciton was initially assigned to the Frenkel type11

However, recent experimental findings point the way to
Mott-Wannier-type exciton in diamond.12 In either case, it is
characterized by a small radius~the distance between elec
tron and hole components! ;0.17 nm~Ref. 13! although the
authors of Ref. 9 used the theory developed for the b
radius Mott-Wannier excitons in order to describe the s
©2001 The American Physical Society21-1
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effect in nanodiamonds with diameter ranging from 3.5 n
to 5 mm. Alternatively, it is evident that the direct use of th
theory developed on the assumption of Mott-Wannier ex
tons to describe the size effects in wide-band-gap nanos
materials is inadequate. Since the small-radius exciton is
sociated with some atomic defects in the lattice,14 the elec-
tron and hole components are placed at some neighbo
lattice sites distanced by several angstroms~usually Frenkel-
type excitons!. According to the generally accepted picture
solid-state physics,15 such excitons are able to trav
throughout the crystal as a wave and is therefore respon
for energy transport. The size of nano-objects commo
studied is much larger than the distance between electron
hole components in Frenkel excitons. Hence, the QC ef
on the small-radius exciton should be negligibly small ev
in a weak confinement regime. By contrast, an increase
excitonic energy is quite large and ranges several me9

From this point of view, it is extremely important to sear
for other models to explain the blue shift of excitonic PL
wide-band-gap nanoscale materials, taking into account
specific features of the excitons generated.

Because an intermediate case between two main type
excitons~the Frenkel and Mott-Wannier excitons! occurs in
silicon dioxide,8 the free excitons~FE’s! and self-trapped ex
citons~STE’s! coexist in that material.8,11 It is known that the
self-trapping of FE’s results from exciton-phonon coupli
and appears in many insulators,8,11 including SiO2. Accord-
ing to the model of STE in SiO2,

16 the electron component o
the STE is anE8 center~oxygen vacancy! and the hole is
associated with a peroxy linkage (wSi—O—O—Siw). The
self-trapping process is accompanied by a strong distor
of the SiO2 lattice, which leads to a large Stokes shift of t
STE PL~STEPL! band. The resulting intrinsic recombinatio
in bulk silicas appears as an emission band peaked at;2.75
eV with a full width at half maximum~FWHM! of ;0.7 eV
and a lifetimet;1 ms.17 This emission is attributed to
triplet-to-singlet transition in STE and can be induced
ultraviolet light,17 energetic electrons,16 X-rays,8 or multi-
photon absorption.6,7,18,19

It has recently been shown6,7 that the relaxation of FE’s
induced by a two-photon~TP! absorption of 6.4 eV ArF lase
light in SiO2-based nanoscale materials is very complicat
The relaxation process includes either the FE energy tran
to impurities and structural defects with a subsequent exc
tion of their intrinsic PL or the self-trapping of FE’s followe
by STE radiative deexcitation appearing as the STE
band.6,7 The interaction of FE’s with the boundary o
nanometer-sized silica fragments can occur both as an en
transfer process to the surface species~an inelastic scatter
ing! and as an elastic scattering of FE’s by the bounda
depending on the surface conditions of nanometer-s
silica fragments. We previously showed that the FE’s can
laser heated up to high temperatures exceeding the activ
barrier for self-trapping.6,7 Hence, laser heating enhances t
efficiency of FE penetration through the STE barrier. T
situation preceding the self-trapping is also very intriguin
Because of the laser heating process, the FE energy ga
from a laser field dominates over the corresponding ene
losses. As a result, one can reach a high density of FE’
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the silica nanometer-sized fragments resulting in the form
tion of biexcitons followed by nonradiative relaxation in
Frenkel defects.6 The biexcitonic model of Frenkel defec
formation was suggested for bulk silica.20,21Hence, the study
of size-dependent STEPL from silica-based nanoscale m
rials is essential to understand the peculiarities of FE re
ation in the confined space of nanometer-sized wide-ba
gap materials.

In the current paper we present evidence for the size
fect in STEPL from silica-based nanoscale materials indu
by TP absorption of 6.4 eV ArF laser light. The PL measu
ments were performed with the two kinds of mesostructur
silica nanoparticle composites and recently discovered m
porous silicas.22 The blue shift of the STEPL band observe
in the nanoscale materials with respect to the correspon
band in bulk silica has been analyzed by two models. One
them takes into account the QC effect on Mott-Wannier
citons typically occurring in semiconductor nanomateria
However, the use of this model leads to a contradict
showing that the model is completely unusable when it
applied to small-radius excitons. We propose a model, wh
is based on the conception of laser heating of Frenkel-t
FE’s. In this case exciton heating is due to collisions with t
boundary of the confined regions of nanometer-sized si
fragments in the presence of an intense laser field. Accord
to the model, the FE laser heating increases the efficienc
the STE barrier penetration, giving rise to extremely h
STE’s. As a result, the blue shift of the STEPL band is p
posed to originate from the activation of hot~phonon-
assisted! electronic transitions. Our treatment of the expe
mental data by the two models unambiguously shows tha
some cases the blue shift of PL bands in wide-band-
nanoscale materials cannot arise from the QC effect but
stead results from many-body FE dynamics involving the
heating effect. These results are expected to be usefu
order to avoid errors in the interpretation of size-depend
properties of wide-band-gap nanoscale materials in gene

II. EXPERIMENTAL SECTION

A. Materials

Two kinds of variously sized silica nanoparticles~Aerosil,
Degussa! and three kinds of mesoporous silicas of differe
pore size in comparison with type-III fused silica as a bu
material were studied. According to the vendors specifi
tion, the commercially available silica nanoparticles of a s
cific surface area 300 and 160 m2/g have the nominal particle
size of 7 and 15 nm~diameter!, respectively.23 The bulk
silica measured contains a large concentration of hydrog
related species,24 hence it is close in properties to the pow
ders used.6,7,19,23Mesoporous silicas were synthesized usi
the method described previously,7 which is similar to that
originally proposed.22 The solids obtained have been exam
ined by the powder x-ray diffraction method. On the basis
x-ray diffraction patterns and previous data,7,22,25,26we have
concluded that the sample withd100 spacing~repeat distance!
of 3.83 nm is characterized by a crystalline ordering, thu
corresponds to the MCM-41 material.22 By contrast, the
samples withd100 spacings of 2.9 and 7.1 nm are sugges
1-2
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SIZE EFFECT IN SELF-TRAPPED EXCITON . . . PHYSICAL REVIEW B64 085421
to be amorphous.7,22,25,26Note that the hexagonal pores
disordered materials are not an ordered regular array as o
in MCM-41 despite the fact that all remaining properties a
very similar.22 It is known that thed100 spacings actually
reflect the pore size, neglecting the wall thickness~;1
nm!.27 Therefore we approximately estimate the pore size
materials as;3, ;2, and;6 nm, respectively. All powders
used were pressed into pellets and then heat pretreate
Tht51173 K for 2 h in air. Thesamples were placed into
vacuum chamber immediately after the heat pretreatm
procedure.

B. PL measurements

PL measurements were performed in a vacuum cham
at 90 K using an ArF pulsed laser@lexc5193 mm(20 ns!;
Lumonics, EX-742# with a repetition rate of 10 Hz as
source of excitation. The laser beam was focused by a 30
lens into a 0.03 cm2 spot. The intensity of laser light could b
varied by a set of quartz plates and has been controlled t
enough to initiate the TP adsorption process.6,7 No specimen
damage was observed during laser light irradiation in
applied range of intensities. The specimens were oriente
the laser beam by 45°. The PL was collected in a conv
tional 90° geometry by 0.5 m SpectraPro-500 monoch
mator~Acton Research Corporation! with 1200 grooves/mm
grating blazed for the 500 nm. The PL spectra were recor
in a time-resolved detection mode by using an R943-02 p
tomultiplier ~peak wavelength 300–800 nm, Hamamats!
connected with a gated electronic system~SRS-250, Stanford
Research System!. A set of optical filters has been used

FIG. 1. Normalized time-resolved PL spectra for type-III fus
silica ~1! and silica nanoparticles with the size of 15~2! and 7 nm
~3! at 90 K andlexc5193 nm (I L51.15 MW/cm2). Inset shows the
same PL spectra on an enlarged scale. The spectra were de
with the following gate-delay/gate-width ratios in microsecon
10/1 ~1!, 0/0.05~2, 3!.
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order to cut scattered laser light from specimens. A LeC
oscilloscope was used to measure the PL time decay
stants.

III. RESULTS AND DISCUSSION

A. Experimental results

The time-resolved PL spectra from silica nanopartic
and mesoporous silicas measured with ArF laser excita
(lexc5193 nm) are shown in Figs. 1 and 2, respectively. T
spectra were compared with that of type-III fused silica us
as a corresponding bulk material. Overall, the PL spec
consist of three contributions located in the red, green,
blue spectral ranges in good agreement with previ
data.6,7,23 Because the assignment of the PL bands meas
in the conventional detection mode was done previously,6,7,23

we do not consider it here in detail. Note only that the gre
band peaked at;2.37 eV is characterized by a progressi
with an origin ~0-0 transition! 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.6,7,23The band lo-
cated in the red spectral range and peaked at 1.91 eV re
from the nonbridging oxygen hole cente
~NBOHC’s!.6,7,19,23,28,29The blue band is attributed to emis
sion from STE’s~see Ref. 6 and references therein! and is
our main interest here. The assignment of the blue ban
based on the fact that the emission can only be induced w
TP regime of PL excitation has been used. Also, the b
band gradually disappears with decreasing laser light in
sity despite the fact that green and red bands remain str

cted
:

FIG. 2. Normalized time-resolved PL spectra for type-III fus
silica ~1! and mesoporous silicas with the pore size of;3 ~2!, ;2
~3!, and ;6 nm ~4! at 90 K and lexc5193 nm (I L

51.15 MW/cm2). The spectrum~2! corresponds to the ordered ma
terial ~MCM-41!, whereas~3! and~4! represent the disordered one
Inset shows the same PL spectra on an enlarged scale. The sp
were detected with the following gate-delay/gate-width ratios
microseconds: 10/1~1!, 0/0.05~2–4!.
1-3



rie

h
t

it

tio
n
P

is
en
ei
io
te
ax
nd
ke
od

t t
th
n

as
th
th
g
P
h
-

es

y

e
lk
el

he

e
P
at
he
o
a
n

er

it

e
s

tly
w-
ct,
ex-

hift
if-
cts.
al
ons
as a

the
en-
for
of

s as

ely.
gy
-
s.
r-

C
ve
ar-
a

ri-

zed

GLINKA, LIN, HWANG, CHEN, AND TOLK PHYSICAL REVIEW B 64 085421
indicating a decrease in the efficiency of the STE bar
penetration owing to the lack of FE laser heating.6 Note that
the spectra presented in Figs. 1 and 2 were measured wit
appropriate gate-delay/gate-width parameters, at which
blue PL band appears with maximal intensity.

It has been shown recently that the laser light intens
dependences of the PL yields for these PL bands can
either quadratic or linear depending on the surface condi
of nanometer-sized silica fragments.6,7 The proposed reaso
for that is the existence of several pathways in the T
produced FE relaxation.6,7Accordingly, an indirect excitation
of green- and red-light emitters can occur. This mechan
involves the radiationless FE energy transfer into hydrog
related species and NBOHC’s followed by excitation of th
intrinsic electronic transitions and subsequent light emiss
An alternative pathway in the FE energy relaxation is rela
to the self-trapping process. The further STE radiative rel
ation leads to light emission appearing as the STEPL ba

The blue band in type-III fused silica measured is pea
at 2.75 eV with FWHM and a time-decay constant in go
agreement with previous data.17 However, the STEPL band
is blue shifted in silica-based mesostructures~Figs. 1 and 2!
despite the fact that the green and red bands occur a
same position as for bulk silica. It can be easily seen that
green band in time-resolved spectra is peaked in the ra
corresponding to the origin of green band progression~2.5–
2.55 eV!. This fact indicates that the green band appears
weak-intensity shoulder, so it does not affect dramatically
STEPL peak. Therefore, we estimate the peak position of
STEPL band as a maximum in the blue PL band appearin
spectra. The exact identification of the energies of the STE
peak is shown in Figs. 1 and 2 by arrows. The greatest s
of STEPL band~;0.21 eV! with respect to the correspond
ing band for bulk silica was observed for the 7 nm particl
The shift for the 15 nm particles is;0.06 eV. Note that the
resulting 2.81 and 2.96 eV bands are characterized b
larger FWHM~;0.8 and 1 eV, respectively! and decay much
faster ~t;4 – 5ms at 90 K!. The more rapid decay of th
STEPL in comparison with those typically observed for bu
SiO2 materials is interpreted as an increase in the s
trapping efficiency for FE’s owing to their laser heating.6,7

Analogously, the STEPL band is shifted towards t
higher energies for disordered mesoporous silicas~Fig. 2!. At
the same time, the band shows little or no shift in the cas
ordered MCM-41. Our sophisticated treatment of the
spectra allows one to assume that the blue shift origin
from the rise of additional emission components for t
STEPL band. Since the components arise at the sh
wavelength side, it appears as a blue shift of the STEPL b
as a whole. It can be easily seen that only a single additio
component peaked at;2.81 eV arises in the case of small
pore sized~2 nm! material~Fig. 2, curve 3!. One can observe
two additional components peaked at;2.81 and;2.9 eV for
the 6 nm pore sized mesoporous silica~Fig. 2, curve 4!.
Hence, the shifts of STEPL band for mesoporous silicas w
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 siz
silica fragments~the wall thickness! in mesoporous material
08542
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is difficult to estimate, we are not able to associate direc
the greater blue shift with the smaller wall thickness. Ho
ever, we will show later that this statement is quite corre
so the wall thickness in larger pore sized materials is
pected to be thinner than that for smaller pore size.

The following sections discuss the nature of the blue s
occurring for the STEPL band taking into account two d
ferent models based on the QC and FE laser heating effe
We will restrict our consideration to the model of spheric
silica nanoparticles despite the fact that the conclusi
made can be applied to the silica-based mesostructures
whole.

B. The quantum confinement effect treatment

Let us analyze the experimental results presented in
preceding section from the QC effect standpoint. As we m
tioned above, the theory of QC effect has been developed
semiconductor nanoscale materials on the assumption
Mott-Wannier-type excitons.4,5 The energy of excitons in
semiconductors rises with decreasing size of nanoparticle

E~D !5
2\2p2

me-h* D2 , ~1!

where the efective mass of the excitonme-h* taken as either

me-h* 5me* 1mh* or me-h* 5
me* mh*

me* 1mh*
~2!

corresponds to weak and strong QC regimes, respectiv
HereE(D) is measured from the minimum excitonic ener
corresponding to bulk materials,D is the nanoparticle diam
eter andme* andmh* are effective electron and hole masse
Alternatively, two QC regimes reflect the ratio of nanopa
ticle sizeD to the effective bohr radiusab* of the exciton in
bulk materials.5 As this takes place, two limiting cases,ab*
!D and ab* @D, correspond to the weak and strong Q
regimes, respectively. According to this theory, we ha
treated the blue shift of the STEPL band in silica nanop
ticles by Eq.~1!. The result of a fit to the data is shown as
solid line in Fig. 3 ~curve 1!. From this fit we obtain the

FIG. 3. The blue shift of STEPL peak plotted against the p
mary size of silica nanoparticles~black squared points!; the point
corresponding to type-III fused silica is marked as a 100-nm-si
particle. The fit to the data by 1/D2 and exp(1/D) function types are
drawn by solid lines marked as~1! and ~2!, respectively.
1-4
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value ofme-h* 51.31310231kg. According to the experimen
tally obtained fact that in silica glassesme* 5mh* >m,30

wherem59.11310231kg is the electron mass, one can g
using Eq.~2! the following values forme-h* 518.22310231

and 4.56310231kg for the weak and strong QC, respe
tively. Because the value ofme-h* obtained from the fit is
smaller than that required for strong QC, one can concl
that the strong QC regime is more appropriate to occu
silica nanoparticles. However, since the effective bohr rad
ab* of STE in SiO2 is estimated to be;0.5 nm~Ref. 30! and
the minimal diameter of nanoparticles usedD57 nm, it is
reasonable to expect a weak QC regime. This contradic
reflects a limit in the theory developed for the Mott-Wann
excitons in semiconductors to describe the size effec
STEPL from wide-band-gap nanoscale materials. In ot
words, the experimentally observed blue shifts are extrao
narily large compared to that expected from the theory.

The STEPL measurements for mesoporous silicas sup
this statement as well. It is known that the wall thickness
ordered and disordered mesoporous silicas is estimated
;1 nm.27 Evidently, since this value is much smaller than t
minimal diameter of nanoparticles used, it is reasonable
expect that the blue shift should be greater than that for th
nm silica particles. However, the band shift observed
smaller, indicating again some contradiction with the theo
Finally we note that all experimental results discussed sh
that the nature of the size effect in STEPL from silica-bas
nanoscales is different from that occurred in semicondu
nanoscale materials.

C. The FE laser-heating effect treatment

1. Setting up the problem

Now we present an alternative model based on the c
ception of FE laser heating to explain the size effect
STEPL from silica-based mesostructures~Figs. 4 and 5!. It is
well known that the self-trapping process is caused by a
calization of FE’s in the lattice, which requires excitonic e
ergy reduction.11 As a result, the STE states occur below t
FE ones~Fig. 5!. It is predicted that there exists a STE ba
rier for FE’s which can be passed either by tunneling or
activation~Fig. 5!.11 We previously showed that the FE hea
ing up to energy exceeding the activation barrier enhan
their efficiency to be self-trapped.6 By contrast, the cooled
FE’s are able to reach STE states only by tunneling. Tota
the efficiency of the FE penetration through the STE bar
increases with the FE temperature~kinetic energy! and
reaches its maximum when the FE energy exceeds the

FIG. 4. SiO2 nanoparticle exposed to 6.4 eV laser light. It
assumed that the FE could be generated at the point A.
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vation energy required for overcoming the barrier. Beca
extremely hot STE’s occur after the FE passes through
STE barrier, the thermalization of STE’s is dominated by t
emission of lattice phonons~the cooling of STE’s and heat
ing of nanometer-sized silica fragments!. However, if an
equilibrium condition is achieved between the electron-h
and lattice-phonon subsystems, the STE is able either to
or absorb phonons. The activation of hot~phonon-assisted!
electronic transitions can occur at the aforesaid equilibri
condition.

It has been recently established that the main specific
ture of the laser heating process for TP-produced FE’s g
erated in the confined space of silica-based nanoscale m
rials is the fact that the FE’s are produced at the condit
when intense laser light is applied (;106 W cm22).6 This
results from the fact that the rate of TP transitions is usua
small,31 so the laser light used should be much stronger
order to reach an excitation than that required for the sing
photon process. Additionally, the mean free path lengthL,
for FE in bulk silicas is much longer than the size of sili
fragments in mesostructures considered~for example, in
type-III fused silicaL;500 nm!.8 The latter feature indicate
that FE’s should suffer collisions with the boundary of co
fined regions. It has been recently shown6,7 that the interac-
tion of FE’s with the boundary can occur either as the
energy transfer into the surface species with subsequent
emission or without energy transfer as an elastic scatte
~Fig. 4!. Of course, an FE collision with the nanopartic
boundary should be considered as an interaction with so
surface atom. However, we will continue to refer to the p
cess as an interaction with the nanoparticle boundary bea
in mind the FE scattering by surface atoms. Taking into
count this assumption, one can predict that a FE is able
suffer many collisions with the boundary within the applie
laser pulse. As this takes place, the frequency of collisi
will tend to be higher with decreasing size of silica fra
ments. Under these conditions the FE’s can additionally g

FIG. 5. Schematic diagram in the terms of chemical bonding
wSi—O—Siw clusters for FE’s and STE’s in silica and corre
sponding absorption and emission transitions. The solid and da
arrows show two possibilities for the self-trapping barrier overco
by activation or by tunneling, respectively. The hot transitio
~phonon-assisted! are shown additionally.
1-5
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energy from a laser field and be heated up to high temp
ture, creating an electron-hole plasma. We have recently
posed that the TP-excited PL from silica-based mesost
tures reflects the dynamics of FE relaxation in the confin
space of nanometer-sized silica fragments, including ei
elastic or inelastic scattering by the boundary, the laser h
ing of FE’s resulting in an increase in the self-trapping r
and the formation of biexcitons relaxing into Frenk
defects.6,7

Note that the FE cannot directly gain additional ener
from the laser field, similarly as free electron in an ioniz
plasma.32–34 It can be shown that if we assume that such
process occurs, then the conservation rules for energy
momentum cannot be satisfied simultaneously.34 However,
this is not the case for FE’s suffering collisions with th
boundary in a similar way as for electron-ion collisions
plasma32–34 and on the surface of silica nanoparticles.35 At
the stated conditions the FE’s are able to gain additio
energy from an electromagnetic field. Accordingly, th
maximal kinetic energyEe-h can be expressed as follows34,35

Ee-h5Eini1Emax, ~3!

whereEini is an initial energy of FE’s after their generatio
and Emax is the greatest possible energy of FE’s gain
within the laser heating process,

Emax5 (
n51

k

DE~n!5kDE~n!, ~4!

wherek is the maximal number of collisions within the las
pulse duration oftL , and DE(n) denotes the energy incre
ment due to a single collision, which corresponds to an
crement of the FE velocityDV ~Fig. 4!. The energy incre-
ment DE(n) can be found similarly as for electron las
heating in an ionized plasma.34 According to Eq.~4!, the
greatest possible energy of FE’s is determined by the en
increment due to a single collision and the maximal num
of FE collisions with the nanoparticle boundary within th
laser pulse duration oftL . Evidently, the collision numbe
depends on the mean free path length of FE between
sequential collisions, which in turn is determined by the
ameter of nanoparticles. All these issues will be conside
in the next sections. However, because to our knowledge
FE laser heating process in nanoscale solids has never
considered before, let us first summarize briefly the so
state background required to solve the problem.

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

The picture suggested in general resembles the beha
of electrons suffering collisions with ions in an ionize
plasma.32–34 To clarify this statement we briefly recall sev
eral known propositions from solid-state physics providi
the basis, on which the FE laser heating problem could
solved. It is known that the electron in the solid state can
considered as a quasiparticle.14,15 Slater suggested a proce
dure to average the exchange interaction of quasiparticle
the solid state, which is responsible for the modification
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the Hartree-Fock equation for electron gas into the o
electron Schro¨dinger’s equation for the solid state:14

H 2
\2

2m
D1V~r !2eE r~r 8!2 r̄HF~r ,r 8!

ur 2r 8u
dt8J w j~r !

5Ejw j~r !, ~5!

wherer̄HF(r ,r 8) is Slater’s averaging of the exchange inte
action of @r j

HF(r ,r 8)# in the Hartree-Fock equation, an
w j (r ) are Bloch functions as one-electron functions in t
Slater determinant.14 Since the whole Hamiltonian of inter
action in Eq.~5! after Slater’s averaging does not depend
j, it is common to all electrons of the system. According
this approximation, the electrons in the solid can be cons
ered as noninteracting quasiparticles propelled by some
averaged potential@second and third terms in Eq.~5!#. As
this takes place, the quasifree electron is characterized by
mean electron velocity, the mean electron momentum,
the effective mass. Finally, the electron motion in the so
state is equivalent to a motion of quasiparticle with the
fective massme* in a viscous state with the friction coeffi
cient of 1/t, wheret is the relaxation time.14 We will use the
previously mentioned solid-state background to describe
behavior of FE’s in the confined space of the nanome
sized silica fragments of silica-based mesostructures. Des
the fact that the FE’s in the solid should be considered
quasifree excitons, we will continue to use the term FE
bearing in mind quasiparticles. Note also that in the gene
case it is necessary to solve the Boltzmann equation, des
ing the FE relaxation in the solid state due to interaction w
optical phonons.14 However, because the mean free pa
length of FE’s in bulk silica is much longer than the size
silica fragments in mesostructures considered, the relaxa
time t among collisions with the boundary of confined r
gions is negligibly small. At the condition mentioned th
kinetic energy of FE’s will be affected exclusively by th
interaction with the boundary rather than the interaction w
optical phonons. As a result, we can neglect all the proce
of energy dissipation for FE’s due to interaction wi
phonons and consider thereof as the free quasiparticle
effective massme-h* interacting with the nanoparticle bound
ary. Moreover, we assume that the FE energy gained by
lisions is much greater than that initially taken at FE gene
tion. This statement corresponds to the condition, at wh
the increment of FE velocity due to each collision with t
boundary should be much higher than the initial velocity
FE’s, DV@V0 . Really, the initial kinetic energy of FE’s ca
be estimated as follows

Ee-h52\vexc2Eg2~Eg-Egx
!2EA2^\vLO&'0.8 eV,

~6!

where\vexc56.4 eV is the laser photon energy, (Eg2Egx
)

is the FE binding energy, whereEgx
denotes the FE energ

gap~;10.2 eV!,8 EA is the activation energy for FE hoppin
~;0.1 eV, Ref. 8! and^\vLO& denotes the average energy
LO phonons in silica nanoparticles~;0.1 eV!.36 Since the
value estimated is much smaller than the energy of la
photons used and which could be additionally absorb
1-6
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SIZE EFFECT IN SELF-TRAPPED EXCITON . . . PHYSICAL REVIEW B64 085421
within the FE laser heating process, we will neglect the i
tial energy of FE’s taken without collisions. Then Eq.~3!
with Eq. ~4! can be rewritten as

Ee-h5kDE~n!5
kme-h* ~DV!2

2
. ~7!

Note that the notions of the FE mean-free-path length and
lifetime commonly used for bulk materials lose complete
their meaning under the conditions mentioned because o
lack of energy dissipation of FE’s among collisions. The lif
time of FE’s in this case is determined exclusively by t
pulse duration of laser light. Accordingly, the total avera
effective mean-free-path length of FE’s will be determined
L5(n51

k ^Leff
(n)&, where^Leff

(n)& is the average effective mean
free-path length of the FE between two sequential collisio
The word ‘‘effective’’ reflects the limited utility of the notion
of the FE mean free path length in the case of nanome
sized solids.

3. Laser heating of the plasma

In the current section we briefly consider the laser hea
of electrons in an ionized plasma as an analog of the pro
occurring with FE’s in silica-based nanoscale materials. T
electron heating by electromagnetic waves is well know
and is usually referred to the inverse bremsstrahlu
process.32–34 This process is associated with the absorpt
of additional quanta from the laser field due to electron sc
tering in the presence of a strong electromagnetic wave.
additional energy can be gained either by single-photon
sorption or by a multiphoton process depending on the in
sity and frequency of laser light.32–34Accordingly, the energy
rate equation for an electron in ionized plasma in the pr
ence of an intense laser field of amplitudeE0 is expressed as
follows34

dE

dt
5

e2E0
2n

2m~v21n2!
2

2Emn

M
, ~8!

where the first term describes the energy gain and the se
one corresponds to the energy loss due to collisions w
ions. In Eq.~8! e andm are the electron charge and mass,M
is the ion mass, andv and n denote the frequencies of th
laser field and collisions, respectively. The direct integrat
within the laser pulse duration oftL and using the initial
conditionE50 whent50 gives

E5
Me2E0

2

4m2~v21n2! F12expS 2
2mntL

M D G
'

e2E0
2ntL

2m~v21n2!
5

l2r eI LntL

pc~11n2/v2!
'

l2r eI LntL

pc
, ~9!

where it has been reasonably assumed thatM@m and v
@n, also taken into account that the laser light intensity
I L5(c/8p)E0

2,l52pc/v is the laser light wavelength,r e

5e2/mc2 is the classical electron radius, andc denotes the
velocity of light in vacuum. It can be easily seen that t
energy gained by the electron linearly depends on the l
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light intensity indicating the single-photon inverse brem
strahlung process. One can show that in the case of a
linear interaction the efficiency of light absorption will de
pend on the intensity in powera, where a denotes the
number of photons taking part in the absorption process.32–34

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

According to the previous discussion, Eq.~9! could be
applied to a free electron in the solid withme* in place ofm.
Then the classical electron radiusr e is transformed into the
polaron radiusr p5e2/«me* cm

2 , where« and cm are the di-
electric constant and the velocity of light in a medium
respectively.11 In a similar way the substitution ofmh* into
Eq. ~9! gives the expression describing the energy gain
holes with the same polaron radiusr p , because ofme*
5mh* [m.30 The energy gained by each collision is equal
magnitude because all the parameters discussed are con
at the fixed intensity of laser light used. The effective las
field in a medium increases by the factor ofEeff5E0
1(4p/3)P, whereP is the total polarization of a medium
which in the high-frequency limit is expressed asP5(«`

21)E0/4p,14 where«` is the high-frequency dielectric con
stant ~for silica «`52.14, Ref. 36!. Finally, the FE energy
gain due to a singlenth collision with the nanoparticle
boundary can be expressed as a sum of energies gaine
electron and hole together. Then we have

DE~n!5
me-h* ~DV!2

2
'

2l2r pI L
eff

pcm
, ~10!

whereI L
eff5(cm/8p)Eeff

2 is the effective laser light intensity in
nanometer-sized silica fragments. Here we used the collis
number withintL ask5ntL51. Correspondingly, the incre
ment of the FE velocity due to annth collision is

DV'S 4l2r pI L
eff

me-h* pcm
D 1/2

~11!

Note that we do not consider here the nonlinear FE la
heating because such processes are expected to occur o
laser light intensities much higher than used in our meas
ments.

5. The average effective mean-free-path length between two
sequential collisions

In this section we consider the effective mean-free-p
length of FE’s suffering collisions with the nanopartic
boundary. Because the FE is assumed to be involved in
elastic scattering process, it may be scattered by the bo
ary in an arbitrary direction inside nanoparticle. Note th
such a situation repeats for each collision and the total p
length of the FE within a time frame oftL is determined as
a sum of effective mean-free-path lengths between all
quential collisions. It is easy to show taking into account t
differential area element on the surface of a spherical s
with diameterD, that the probability of FE scattering by th
boundary over a whole set of directions, making an an
1-7
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betweenq andq1dq with respect to a tangent plane to th
surface isdW5cosq dq. Then the average effective mea
free-path length fornth collision is found by standard proce
dure

^Leff
~n!&5E ldW5E

0

p/2

l cosq dq, ~12!

wherel 5D sinq is a chord. Finally, the integration yields

^Leff
~n!&5E

0

p/2

D sinq cosq dq5D/2. ~13!

Therefore, the total average effective mean-free-path len
of the FE, sufferingk collisions within a time frame oftL , is
L5(n51

k ^Leff
(n)&5kD/2.

6. The maximal number of FE collisions in a nanoparticle of
diameter D withintL

According to previous sections, the FE moves uniform
through the nanoparticle body among collisions with the i
tial velocity of V0 . After each collision with the boundary
the energy of FE’s increases by the value ofDE(n), which
corresponds to an increase in the velocity of the FE byDV
~Fig. 4!. Using this model, the time required for the FE
reach the boundary for the first time is expressed asDt0

5^Leff
(n)&/V0. The time between first and second collisions

Dt15^Leff
(n)&/(V01DV). Correspondingly, the time betweenk

21 and k sequential collisions isDtk5^Leff
(n)&/(V01kDV)

~Fig. 4!. It is evident that in the framework of the mod
considered( i 50

k Dt i5tL . Hence we can write

tL5
^Leff

~n!&
DV S DV

V0
1

1

V0

DV
11

1
1

V0

DV
12

1
1

V0

DV
13

1¯1
1

V0

DV
1kD . ~14!

Because we use again approximationDV@V0 , the DV/V0
terms in the denominators of series can be left out. Then
have

tL5
^I eff

~n!&
DV S DV

V0
111

1

2
1

1

3
1¯1

1

k D . ~15!

When working with such a type of series we recognize
Euler’s constantg50.577 . . . ~Ref. 37! and

g5 lim
n→`

S 11
1

2
1

1

3
1¯1

1

n
2 ln nD . ~16!

Hence,

g1 lim
n→k

ln n5 lim
n→k

S 11
1

2
1

1

3
1¯1

1

nD . ~17!

Then Eq.~15! can be rewritten as follows
08542
th

-

e

e

tL5
^Leff

~a!&
DV S DV

V0
1g1 ln k D . ~18!

Finally using Eq.~13! we can get fork the following rela-
tionship

k5expFDVS 2tL

D
2

1

V0
D2gG . ~19!

Hence, the maximal collision number rises with~1! the de-
creasing diameter of nanoparticles,~2! increasing laser pulse
duration, and~3! increasing the energy gained by a sing
collision with the boundary.

7. The maximal energy gained by FE’s withintL

Substituting Eq.~10! and Eq.~19! with Eq. ~11! into Eq.
~7! one can obtain an expression for the final kinetic ene
of FE’s, sufferingk collisions with the boundary of the nano
particle of diameterD exposed to laser light with wavelengt
l, intensityI L , and pulse durationtL

Ee-h'
2l2r pI L

eff

pcm
expF2lS 2tL

D
2

1

V0
D3S r pI L

eff

me-h* pcm
D 1/2

2gG .
~20!

It can be easily seen from Eq.~20! that at the fixed param
eters of the laser excitation (l,I L ,tL) and the material used
(V0 ,me-h* ,cm ,r p) the energy of FE’s gained by laser heatin
increases with decreasing nanoparticle diameter as exp(1D).
Also, the efficiency of the FE laser heating process should
much higher with increasing wavelength, intensity, and pu
duration of applied laser light.

D. Comparison with experimental data

As we mentioned above, FE laser heating leads to
increase in the FE kinetic energy. One can reach the co
tion at which FE’s are extremely hot, so they create a hi
density electron-hole plasma. The temperature of la
heated FE’s, which have suffered only a single collision w
the boundary can be estimated using a gas k
etics approximation34 as follows: TFE5(2/3)(6.4 eV/K)
'0.5 105 K, where k is the Boltzmann constant. The ob
tained value is typical for MP-produced excitons38 and laser-
heated plasma.34 Because the FE’s suffer many collision
the temperature of the plasma created is expected to be m
higher than the estimated value. However, the energy lo
should also be taken into account in order to make a cor
estimation of the maximal temperature of the electron-h
plasma. The formation of biexcitons with their subsequ
transformation into Frenkel defects is assumed to be on
the pathways of FE energy relaxation. Alternatively, it h
been shown experimentally that laser heating of FE’s is
sponsible for an increase in the efficiency of the FE pene
tion through the STE barrier.6 As a result, the intensity of the
STEPL band becomes higher with the power of the la
light as compared to the PL bands related to the hydrog
related centers and NBOHC’s.6

The hot FE’s reaching STE states normally lose energy
the emission of lattice phonons~the process of STE cooling!.
1-8
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As this takes place, the lattice is heated up to a certain t
perature. Further thermal diffusion causes the cooling
nanometer-sized silica fragments. Because there is a big
ference in the temperatures of electron-hole and lattice p
non subsystems, a temperature gradient is formed.
would expect that the heat transfer from hot STE’s into
lattice is proportional to the temperature gradient.14 Finally
the electron-hole and lattice-phonon subsystems come
thermal equilibrium condition, which is due to thermal loss
at the boundary. If the lattice temperature at the thermal e
librium condition is not high enough, radiative transitio
can occur from the minimum of STE adiabatic potential s
face into the ground state corresponding to the undistur
lattice site~Fig. 5!. However, if the lattice temperature at th
thermal equilibrium condition corresponds to the energy
lattice phonons, the STE is able either to emit or abs
lattice phonons and, as a result, the radiative relaxation
STE’s can involve phonon-assisted transitions~hot transi-
tions!. The availability of phonon-assisted transitions appe
as additional light emission components in the STEPL ba
The resulting components are situated in the short wa
length side of the STEPL band with a shift equal to t
lattice phonon energy, so they form a phonon sideband
photon emitted within this process is\vPL5EgSTE

1\vLO ,

whereEgSTE
denotes the STE energy gap. Accordingly, o

can observe what appears to be a blue shift in the STEPL
its value will be affected by the maximal energy of FE
gained due to the laser heating process. It can be easily
from Fig. 1 that the FWHM of the STEPL band in silica
based mesostructures slightly increases because of sim
neous contributions from phonon-free and phonon-assi
transitions. Evidently, if the more energetic phonons are
volved in the emission process, the shift is greater and v
versa. The lattice temperature at thermal equilibrium con
tion can be estimated by using experimentally obser
shifts of the STEPL bands in the same way as it has b
done for heated FE’s:T15(2/3)(0.06 eV/K)'4.63102 K,
T25(2/3)(0.15 eV/K)'1.163103 K, T35(2/3)(0.21
eV/K)'1.63103 K. The temperatures obtained are qu
reasonable.

Let us consider now what kinds of SiO2 lattice phonons
can be involved in phonon-assisted transitions. According
Ref. 36, there exist three types of LO~longitudinal-optical!
and TO~transverse-optical! phonon modes in silica nanopa
ticles, which correspond to three different local vibration
motions of oxygens with respect to the silicon atoms:
rocking, bending, and asymmetrical motions, respectiv
The corresponding frequencies are the following: T1
5424 cm21 (0.053 eV), LO15471 cm21 (0.058 eV), TO2
5791 cm21 (0.098 eV), LO251005 cm21 (0.125 eV), TO3
51086 cm21 (0.135 eV), LO351206 cm21 (0.150 eV). As
we demonstrated above, the STEPL blue shift for 15
particles is 0.06 eV, so this can be attributed to the activa
of LO1 phonon-assisted transitions~Fig. 5!. The more ener-
getic phonons are involved in the case of 7 nm silica na
particles in full agreement with the theoretical predictio
Accordingly, the radiative transitions are assisted by a co
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bined phonon mode LO11LO3 (0.05810.1550.208 eV),
the energy of which is close to the experimentally observ
blue shift ~0.21 eV! ~Fig. 5!.

The STEPL blue shifts observed in mesoporous sili
can be interpreted in the same way. First note that the
laser heating model completely eliminates the contradict
mentioned in Sec. B. It becomes evident that in the case
small-radius Frenkel excitons the wall thickness in the ran
of ;1 nm is large enough to expect the QC effect. On
other hand, because the materials possess a regular arr
uniform channels, the walls can be considered as o
dimensional silica fragments with;1 nm width. One can
imagine that the FE’s are able to move along the o
dimensional fragments without collisions with the bounda
thus hampering laser heating. As a result, the blue sh
observed in the mesoporous silicas are smaller than thos
7 nm silica nanoparticles. Also, the ordering of mesoporo
materials affects the heating efficiency. Since the disorde
mesoporous silicas contain many defects in the regularity
channels and since this feature will lead to the high incide
of FE collisions, it is reasonable to assume that the la
heating efficiency should be somewhat higher than tha
ordered materials. This is a reason why the blue shift
STEPL band in MCM-41 materials does not occur. Acco
ingly, the 0.06 eV blue shift in the 2 nm pore sized diso
dered mesoporous silica is assumed to be due to an ac
tion of LO1 phonon-assisted transitions, similarly as for
nm silica nanoparticles. In the case of 6 nm pore sized m
terial the activation of LO1 and LO3 phonon-assisted trans
tions are responsible for the 0.06 and 0.15 eV shifts, resp
tively. The greater blue shift for 6 nm pore sized materi
indicates that the heating efficiency of FE’s in this case
higher than that for smaller pore sized mesoporous sil
This means that the collision number of FE’s with the boun
ary is greater and in turn the wall thickness among meso
res is expected to be thinner.

It should be noted that the blue shift of the STEPL band
the model presented is determined both by the maximal
ergy of FE’s gained by laser heating before being se
trapped and by a combination of phonon modes existing
the given kind of materials at the lattice temperature cor
sponding to the thermal equilibrium condition betwe
electron-hole and lattice-phonon subsystems. It has b
shown above that the maximal energy of FE’s increases w
decreasing size of nanoparticles as a function of exp(1D)
@Eq. ~20!#. Because of the proportionality between the he
transfer rate and the temperature gradient mentioned ab
the final lattice temperature at the thermal equilibrium co
dition will be proportional to the maximal temperature
laser-heated FE’s. Therefore, the function exp(1/D) can be
applied to describe the dependence of the STEPL band
with decreasing size of silica fragments. Of course, the fi
experimental data is somewhat qualitative because of
simplified type of the fitting function and the fact that th
actual size of nanoparticles allows for some variations. Ho
ever, we discuss here the essential physics of the proc
Our task is to identify the physical mechanisms respons
for the observed blue shift in the excitonic PL for wide-ban
gap nanoscale materials. From this point of view, the fu
1-9
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GLINKA, LIN, HWANG, CHEN, AND TOLK PHYSICAL REVIEW B 64 085421
tion exp(1/D) that arises from the new model correctly d
scribes a tendency for the shift of the STEPL band in sil
nanomaterials. Since the properties of the function exp(1D)
is close to that of 1/D2, the blue shift of STEPL band can b
fitted by either of them~Fig. 3!, despite the fact that 1/D2

function is usually consistent with the QC effect b
exp(1/D) is related to the FE laser heating process. The si
larity of the function types, describing the blue shift of exc
tonic PL with decreasing size of nanometer-sized fragme
may be a source of errors in the interpretation of size effe
on excitons in wide-band-gap nanoscale materials.

Alternatively to the hot radiative transitions mentione
above, it is reasonable to expect a similar phonon-assi
process in the absorption of light by solids. Accordingly, t
phonon emission accompanying the light absorption proc
~an indirect process! should manifest itself as a shift in th
excitonic absorption band. Such type of indirect transitio
was observed in photoelectron emission from the bulk d
mond due to exciton breakup.39 Taking into account the
phonon-assisted transition conception let us consider the
perimental results taken from the x-ray-absorption spect
copy of nanodiamonds, initially explained as a QC effect
the core exciton.9 First note that the authors of the pap
quote the QC effect on Mott-Wannier excitons in
nanocrystals3,40 as similar to the situation occurring in nano
diamonds. However, the nature of excitons in bulk diamo
and silicon is completely different. As mentioned in the I
troduction, the effective bohr radius of the core exciton
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 effect41

whereas the core exciton in diamond is characterized b
very strong vibronic coupling constant, resulting in the a
pearance of a phonon sideband in x-ray emission spe
with vibrational numbers as high as 35.10 It is evident from
this comparison that the size effect in these nanocrystals
not be considered jointly. Despite this fact the authors of R
9 used the QC model developed for Mott-Wannier excito
in semiconductors. Moreover, they pointed to a monoto
shift of excitonic peak in the CK-edge absorption spectrum
towards higher energies as a crystallite radius decrea
However, it can be easily seen from the corresponding fig
that the peak practically does not shift~289.0 eV! for crys-
tallites with radii in the range of 35 nm to 5mm, whereas it
is situated at 289.4 eV when the size is less than 35
~27–3.6 nm!. Because of indirect band-gap and strong
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bronic coupling effect for diamond,10,39 the aforementioned
blue shift can be explained in the framework of the man
body dynamics discussed in Ref. 39, as an activation of
phonon~0.16 eV!-assisted transitions rather than the QC
fect on core excitons. The emission of two or three T
phonons is already enough to cover the blue shift range
served in Ref. 9. Note finally that the explanation sugges
is based on the generally accepted notions of modern s
state physics14,15and does not require any additional assum
tions.

IV. CONCLUSIONS

In summary, we have provided evidence for a size eff
in STEPL from SiO2-based nanoscale materials. The STE
blue shift with decreasing size of nanometer-sized silica fr
ments in mesostructures studied has been treated by
models taking into account the QC effect and FE laser h
ing by a strong electromagnetic field. We have showed
the use of the QC model developed for the Mott-Wann
excitons in semiconductor nanoscale materials is totally
suited for Frenkel excitons typically existing in wide-ban
gap materials. Alternatively, our model, which is based
the conception of the FE laser heating gives good agreem
with experimental data. We suggest that the blue shift of
STEPL band originates from the activation of phono
assisted transitions. The greater blue shift corresponds to
activation of hot transitions involving more energe
phonons or their combination. The blue shift of the STE
band depends on the temperature of laser heated FE’s th
turn is determined by the size of nanometer-sized silica fr
ments. This happens because the temperature~kinetic en-
ergy! of the laser-heated FE increases with the numbe
collisions with the boundary of confined regions, whi
tends to be higher with decreasing size of silica fragment
nanoscale materials. The model proposed in this paper sh
that the blue shift of PL bands in nanoscale materials
general does not need to be related always to a QC effe
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