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Direct evidence for a size effect in self-trapped excit®TE) photoluminescencéPL) from silica-based
nanoscale materials as compared with bulk type-Ill fused silica is obtained. Two kinds of mesostructures were
tested:(1) silica nanoparticle composites with primary particle size of 7 and 15(8nordered and disordered
mesoporous silicas with pore size ranging frer 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? W cm™2 and measured in
a time-resolved detection mode. Two models are applied to examine the blue shift of the SBEERL)
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 materigilse band-gap of bulk silic&,=11eV). In order to explain the experi-
mental data, we propose a model that takes into account the laser heating of Frenkel-type free (&E&obns
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 dphohon-assistgdelectronic
transitions. Good agreement between experimental data and our FE laser heating model has been obtained.
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. INTRODUCTION properties. Bulk silicon dioxide (S is a typical wide-
band-gap materidthe SiQ band-gapE,=11 eV).8 Accord-

The quantum confinemeriQC) effect in semiconductor ingly, the origin of the size effect in excitonic PL from silica-
nanoscale materialgnanoparticles, nanoclusters, quantumbased mesostructures is expected to be different than that in
dots, boxes, wires, elichas recently received considerable semiconductor nanoscale materials because of the contribu-
attention for its potential use in optoelectronic devit@w-  tion of another exciton-typéhe small-radius excitorf
ing to the fact that the valence-conduction band-gap in- Since silica thin films and layers of nanometer-sized
creases with decreasing size of nano-objects, this effect mayidths are extensively used in electronic devices, knowledge
account for an observed shift in the excitonic photolumines-of the size effect on excitons in this material is of profound
cence(PL) towards higher energies in comparison with bulkimportance for modern solid-state physics and nanoscale
materials and consequently enhances quantum efficfencytechnology. However, up to now only little is known regard-
The nature of the QC effect in semiconductors is quite welling the origin of the size effect on excitons in wide-band-gap
established3 The theory has been developed by assuming anaterials. Only one example of the quantum-size effect on
Mott-Wannier-type of exciton(the big-radius excitor®> the core excitons in diamond nanocrystals has been
Thus it has become customary to explain any blue shift in theeported® The nature of the core exciton in diamofithe
excitonic PL with decreasing nano-object size as resultingpand-gapE;=5.5eV, Ref. 10 was discussed extensively
from the quantum confinement effect. and the exciton was initially assigned to the Frenkel tpe.

Recent studies of silica-based mesostructures such &sowever, recent experimental findings point the way to the
nanoparticle composittsand mesoporous silicashowed — Mott-Wannier-type exciton in diamond.In either case, it is
that the size of nanometer-sized silica fragmem@nopar- characterized by a small radigthe distance between elec-
ticles with diameters 7—-15 nm and walls among pores withtron and hole components-0.17 nm(Ref. 13 although the
thickness~1 nm in mesoporous silicastrongly affects the authors of Ref. 9 used the theory developed for the big-
excitonic dynamics, also resulting in size-dependent Plradius Mott-Wannier excitons in order to describe the size
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effect in nanodiamonds with diameter ranging from 3.5 nmthe silica nanometer-sized fragments resulting in the forma-
to 5 um. Alternatively, it is evident that the direct use of the tion of biexcitons followed by nonradiative relaxation into
theory developed on the assumption of Mott-Wannier exci+renkel defect§. The biexcitonic model of Frenkel defect
tons to describe the size effects in wide-band-gap nanoscafermation was suggested for bulk sili€&?* Hence, the study
materials is inadequate. Since the small-radius exciton is a§f size-dependent STEPL from silica-based nanoscale mate-
sociated with some atomic defects in the latfit¢he elec- rials is essential to understand the peculiarities of FE relax-
tron and hole components are placed at some neighborir@ion in thg confined space of nanometer-sized wide-band-
lattice sites distanced by several angstréomially Frenkel- —9ap materials.

type excitons According to the generally accepted picture in  In the current paper we present evidence for the size ef-
solid-state physic¥ such excitons are able to travel fect in STEPL from silica-based nanoscale materials induced
throughout the crystal as a wave and is therefore responsibl®y TP absorption of 6.4 eV ArF laser light. The PL measure-
for energy transport. The size of nano-objects commonlynents were performed with the two kinds of mesostructures:
studied is much larger than the distance between electron arfica nanoparticle composites and recently discovered meso-
hole components in Frenkel excitons. Hence, the QC effed@orous silicas? The blue shift of the STEPL band observed
on the small-radius exciton should be negligibly small everin the nanoscale materials with respect to the corresponding
in a weak confinement regime. By contrast, an increase iRand in bulk silica has been analyzed by two models. One of
excitonic energy is quite large and ranges several fhevthem takes into account the QC effect on Mott-Wannier ex-
From this point of view, it is extremely important to search citons typically occurring in semiconductor nanomaterials.
for other models to explain the blue shift of excitonic PL in However, the use of this model leads to a contradiction

wide-band-gap nanoscale materials, taking into account thehowing that the model is completely unusable when it is
specific features of the excitons generated. applied to small-radius excitons. We propose a model, which
Because an intermediate case between two main types &f based on the conception of laser heating of Frenkel-type
excitons(the Frenkel and Mott-Wannier excitonsccurs in ~ FE's. In this case exciton heating is due to collisions with the
silicon dioxide® the free exciton$FE’s) and self-trapped ex- boundary of the confined regions of nanometer-sized silica
citons(STE’S coexist in that materidt* It is known that the ~ fragments in the presence of an intense laser field. According
Se|f_trapping of FE’s results from exciton_phonon Coup“ngto the model, the FE Iaser- heat”:]g. |ncr-eases the eﬁiciency of
and appears in many insulatdrs: including SiG. Accord- the STE barrier penetration, giving rise to extreme_ly hot
ing to the model of STE in Si©*° the electron component of STE'S. As a result, the blue shift of the STEPL band is pro-
the STE is anE’ center(oxygen vacancdyand the hole is Posed to originate from the activation of hgphonon-
associated with a peroxy linkageSi—O—O—SE=). The assistel electronic transitions. Our treatment of the experi-
self-trapping process is accompanied by a strong distortiof'€ntal data by the two models unambiguously shows that in
of the SiQ lattice, which leads to a large Stokes shift of the SOMe cases the blue shift of PL bands in wide-band-gap
STE PL(STEPL) band. The resulting intrinsic recombination nanoscale materials cannot arise from the QC effect but in-
in bulk silicas appears as an emission band peakeeRars ~ Stead results from many-body FE dynamics involving the FE
eV with a full width at half maximum(FWHM) of ~0.7 ev ~ heating effect. These results are expected to be useful in
and a lifetime 7~ 1 ms’ This emission is attributed to a ©rder to avoid errors in the interpretation of size-dependent
triplet-to-singlet transition in STE and can be induced byProperties of wide-band-gap nanoscale materials in general.

ultraviolet light!” energetic electron, X-rays® or muilti-
photon absorptioft."18:1° Il. EXPERIMENTAL SECTION
It has recently been shoWhthat the relaxation of FE's
induced by a two-photofirP) absorption of 6.4 eV ArF laser
light in SiO,-based nanoscale materials is very complicated. Two kinds of variously sized silica nanoparticlgserosil,
The relaxation process includes either the FE energy transfé&egussaand three kinds of mesoporous silicas of different
to impurities and structural defects with a subsequent excitgpore size in comparison with type-IIl fused silica as a bulk
tion of their intrinsic PL or the self-trapping of FE's followed material were studied. According to the vendors specifica-
by STE radiative deexcitation appearing as the STEPItion, the commercially available silica nanoparticles of a spe-
band®’ The interaction of FE's with the boundary of cific surface area 300 and 16G/mhave the nominal particle
nanometer-sized silica fragments can occur both as an energize of 7 and 15 nm(diamete), respectively> The bulk
transfer process to the surface specis inelastic scatter- silica measured contains a large concentration of hydrogen-
ing) and as an elastic scattering of FE's by the boundaryrelated specie¥ hence it is close in properties to the pow-
depending on the surface conditions of nanometer-sizeders used: **?*Mesoporous silicas were synthesized using
silica fragments. We previously showed that the FE's can béhe method described previouglyyhich is similar to that
laser heated up to high temperatures exceeding the activatiamiginally proposed? The solids obtained have been exam-
barrier for self-trapping:’ Hence, laser heating enhances theined by the powder x-ray diffraction method. On the basis of
efficiency of FE penetration through the STE barrier. Thex-ray diffraction patterns and previous dat&;?*>?we have
situation preceding the self-trapping is also very intriguing.concluded that the sample with g spacing(repeat distange
Because of the laser heating process, the FE energy gainefl 3.83 nm is characterized by a crystalline ordering, thus it
from a laser field dominates over the corresponding energgorresponds to the MCM-41 materfal.By contrast, the
losses. As a result, one can reach a high density of FE’s isamples withd, o spacings of 2.9 and 7.1 nm are suggested

A. Materials

085421-2



SIZE EFFECT IN SELF-TRAPPED EXCITON.. .. PHYSICAL REVIEW 84 085421

>

A ]
2/“ QR
&

S w2758V
-—2.81eV
-—2.96 eVv|

7 2816V
S —28ev

I, (arb. units)

25 30
Photon energy (V)

A 25 3.0
2.3
717 Photon energy (eV)

5 1,2,3,4

PL intensity, |, (arb. units)
PL intensity, 1, (arb. units)

L Lt 1 2 3 4 5 6 7 8

12 3 4 5 6 7 8 Photon energy (V)
nen
Photon energy (eV) ot 9

FIG. 2. Normalized time-resolved PL spectra for type-lll fused

FIG. 1. Normalized time-resolved PL spectra for type-lll fused silica (1) and mesoporous silicas with the pore size~d (2), ~2

silica (1) and silica nanoparticles with the size of (& and 7 nm 3), and ~6 nm (4 at 90 K and Ao=193nm (,

(3) at 90 K and\e,c=193 nm (_=1.15 MW/cnf). Inset shows the  _q 15 MW/cnf). The spectrunt2) corresponds to the ordered ma-

same PL spectra on an enlarged scale. The spectra were detecigfly| (\cMm-41), whereag3) and(4) represent the disordered ones.

with the following gate-delay/gate-width ratios in microseconds: | qat shows the same PL spectra on an enlarged scale. The spectra

10/1(1), 0/0.05(2, 3). were detected with the following gate-delay/gate-width ratios in
microseconds: 10/11), 0/0.05(2—4).

to be amorphou4?22>2®Note that the hexagonal pores of

disordered materials are not an ordered regular array as occarder to cut scattered laser light from specimens. A LeCroy

in MCM-41 despite the fact that all remaining properties areoscilloscope was used to measure the PL time decay con-

very similar?? It is known that thed,o, spacings actually stants.

reflect the pore size, neglecting the wall thickngssl

nm).?’ Therefore we approximately estimate the pore size of IIl. RESULTS AND DISCUSSION
materials as-3, ~2, and~6 nm, respectively. All powders )
used were pressed into pellets and then heat pretreated at A. Experimental results

Th=1173K far 2 h in air. Thesamples were placed into & The time-resolved PL spectra from silica nanoparticles
vacuum chamber immediately after the heat pretreatmergnd mesoporous silicas measured with ArF laser excitation
procedure. (Nexe= 193 nm) are shown in Figs. 1 and 2, respectively. The
spectra were compared with that of type-Ill fused silica used
as a corresponding bulk material. Overall, the PL spectra
consist of three contributions located in the red, green, and
PL measurements were performed in a vacuum chambéiue spectral ranges in good agreement with previous
at 90 K using an ArF pulsed lasék.,=193mm(20n5  data®"?®Because the assignment of the PL bands measured
Lumonics, EX-742 with a repetition rate of 10 Hz as a in the conventional detection mode was done previots#,
source of excitation. The laser beam was focused by a 30 cnve do not consider it here in detail. Note only that the green
lens into a 0.03 cispot. The intensity of laser light could be band peaked at-2.37 eV is characterized by a progression
varied by a set of quartz plates and has been controlled to bgith an origin (0-0 transition at about 2.50 eV for 15 nm
enough to initiate the TP adsorption procE$®lo specimen particles and about 2.55 eV for 7 nm orfeBhis band has
damage was observed during laser light irradiation in thébeen assigned to hydrogen-related speti€sThe band lo-
applied range of intensities. The specimens were oriented tcated in the red spectral range and peaked at 1.91 eV results
the laser beam by 45°. The PL was collected in a convenfrom  the  nonbridging  oxygen hole  centers
tional 90° geometry by 0.5 m SpectraPro-500 monochro{NBOHC's).>"1%23282%rhe plue band is attributed to emis-
mator (Acton Research Corporatipmwith 1200 grooves/mm sion from STE’s(see Ref. 6 and references thejeamd is
grating blazed for the 500 nm. The PL spectra were recordedur main interest here. The assignment of the blue band is
in a time-resolved detection mode by using an R943-02 phobased on the fact that the emission can only be induced when
tomultiplier (peak wavelength 300—800 nm, Hamamatsu TP regime of PL excitation has been used. Also, the blue
connected with a gated electronic syst€3RS-250, Stanford band gradually disappears with decreasing laser light inten-
Research SystemA set of optical filters has been used in sity despite the fact that green and red bands remain strong,

B. PL measurements
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indicating a decrease in the efficiency of the STE barrier
penetration owing to the lack of FE laser heatifgote that

the spectra presented in Figs. 1 and 2 were measured with the
appropriate gate-delay/gate-width parameters, at which the I 2-E(D) ~ EXP(/D)
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 fragmefit§ The proposed reason —
for that is the existence of several pathways in the TP- 20 40 80 80 100
produced FE relaxatioh’ Accordingly, an indirect excitation D (nm)
of green- and red-light emitters can occur. This mechanism
involves the radiationless FE energy transfer into hydrogen- FIG. 3. The blue shift of STEPL peak plotted against the pri-
related species and NBOHC's followed by excitation of theirmary size of silica nanoparticlegblack squared pointsthe point
intrinsic electronic transitions and subsequent light emissiorcorresponding to type-lil fused silica is marked as a 100-nm-sized
An alternative pathway in the FE energy relaxation is relatec@"ticle- The fit to the data by @7 and exp(1D) function types are
to the self-trapping process. The further STE radiative relaxdrawn by solid lines marked d4) and(2), respectively.
ation leads to light emission appearing as the STEPL band.

The blue band in type-lll fused silica measured is peake
at 2.75 eV with FWHM and a time-decay constant in good
agreement with previous dataHowever, the STEPL band
is blue shifted in silica-based mesostructutiegs. 1 and 2
despite the fact that the green and red bands occur at t
same position as for bulk silica. It can be easily seen that the
gcr)?reens&?r?ginlg tté)n:ﬁer%?%\i/r? %fsgrz(grr]abg’nzesrlg;?;gsgg_ran erentl models based on .the QC and FE laser heating effects.
2.55 e\). This fact indicates that the green band appears as\gl(.e will restrict our con3|d.erat|on to the model of sphenpal
weak-intensity shoulder, so it does not affect dramatically théSIIICa nanoparhcle; despite 'ghe fact that the conclusions
STEPL peak. Therefore, we estimate the peak position of th'[:nade can be applied to the silica-based mesostructures as a
STEPL band as a maximum in the blue PL band appearing inhoIe.
spectra. The exact identification of the energies of the STEPL ]
peak is shown in Figs. 1 and 2 by arrows. The greatest shift B. The quantum confinement effect treatment
of STEPL band~0.21 eV} with respect to the correspond- et us analyze the experimental results presented in the
ing band for bulk silica was observed for the 7 nm particles preceding section from the QC effect standpoint. As we men-
The shift for the 15 nm particles is0.06 eV. Note that the tijoned above, the theory of QC effect has been developed for
resulting 2.81 and 2.96 eV bands are characterized by gemiconductor nanoscale materials on the assumption of
larger FWHM(~0.8 and 1 eV, respectiveland decay much  Mott-Wannier-type exciton$® The energy of excitons in
faster (1~4-5us at 90 K. The more rapid decay of the semiconductors rises with decreasing size of nanoparticles as
STEPL in comparison with those typically observed for bulk
SiO, materials is interpreted as an increase in the self-
trapping efficiency for FE's owing to their laser heatfhg.

Analogously, the STEPL band is shifted towards the
higher energies for disordered mesoporous sili§ag 2). At~ Where the efective mass of the excitoif, taken as either
the same time, the band shows little or no shift in the case of -
ordered MCM-41. Our sophisticated treatment of the PL Mo or mit . — e
spectra allows one to assume that the blue shift originates eh e T N mE +mp
from the rise of additional emission components for the . .
STEPL band. Since the components arise at the shorP—OWeSpond,S to weak and strong QC regimes, rgspectlvely.
wavelength side, it appears as a blue shift of the STEPL bangd€r€E(D) is measured from the minimum excitonic energy
as a whole. It can be easily seen that only a single additionéio”eSponfmg to Eulk materialB, is the nanoparticle diam-
component peaked at2.81 eV arises in the case of smaller €l€r andmg andmj, are effective electron and hole masses.
pore sized?2 nm) material(Fig. 2, curve 3. One can observe Alternatively, two QC regimes reflect the ratio of nanopar-
two additional components peaked-a2.81 and~2.9 eV for ticle sizeD to the effective bohr radiugg of the exciton in
the 6 nm pore sized mesoporous silifég. 2, curve 4. bulk materials. As this takes place, two limiting cases;
Hence, the shifts of STEPL band for mesoporous silicas with<D and aj>D, correspond to the weak and strong QC
respect to the corresponding band for bulk silica a@®06 regimes, respectively. According to this theory, we have
eV for the 2 nm pore sized material ared.06 and~0.15 treated the blue shift of the STEPL band in silica nanopar-
eV in the case of 6 nm pore size. Because the exact size titles by Eq.(1). The result of a fit to the data is shown as a
silica fragmentgthe wall thicknessin mesoporous materials solid line in Fig. 3(curve 1. From this fit we obtain the

1-E@O)~1/D?

E(eV)

difficult to estimate, we are not able to associate directly
he greater blue shift with the smaller wall thickness. How-
ever, we will show later that this statement is quite correct,
so the wall thickness in larger pore sized materials is ex-
%ected to be thinner than that for smaller pore size.

The following sections discuss the nature of the blue shift
ccurring for the STEPL band taking into account two dif-

B 22?2

E(D)_m*—th’ (1

2
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FIG. 4. SiG nanoparticle exposed to 6.4 eV laser light. It is
assumed that the FE could be generated at the point A.

(Vg V) - 1694 cm”
A (021eV)
A

value ofm?, =1.31x 10 3'kg. According to the experimen-
tally obtained fact that in silica glasses’=my=m,*
wherem=9.11x 10 3'kg is the electron mass, one can get
using Eq.(2) the following values form? ,=18.22<10 3!
and 4.56<10 3'kg for the weak and strong QC, respec-
tively. Because the value afg, obtained from the fit is FIG. 5. Schematic diagram in the terms of chemical bonding in
smaller than that required for strong QC, one can conclude=Si—0O—Si= clusters for FE's and STE’s in silica and corre-
that the strong QC regime is more appropriate to occur irsponding absorption and emission transitions. The solid and dashed
silica nanoparticles. However, since the effective bohr radiusrrows show two possibilities for the self-trapping barrier overcome
a; of STE in SiQ is estimated to be-0.5 nm(Ref. 30 and by activation or by tunneling, respectively. The hot transitions
the minimal diameter of nanoparticles usBe=7 nm, it is ~ (Phonon-assistgcare shown additionally.

reasonable to expect a weak QC regime. This Contr""d'Ct'OOation energy required for overcoming the barrier. Because

reflects a limit in the theory developed for the MOtt'Wann'e_rextremer hot STE's occur after the FE passes through the

g)_(l_cgg'ljsf in sercjicogdu(;:tors to descrllbe th? S.'Zle ?ﬁectth'%TE barrier, the thermalization of STE’s is dominated by the
rom wide-band-gap nanoscaie materiais. In otheg i qinn of |attice phononghe cooling of STE’s and heat-
words, the experimentally observed blue shifts are extraordlrng of nanometer-sized silica fragmentsHowever, if an

na[rllz IasrgreE;impared to thatt efxpected from the'IFheory. equilibrium condition is achieved between the electron-hole
€ measurements for mesoporous silicas SUPPOL, lattice-phonon subsystems, the STE is able either to emit

this statement as well. It is known that the wall thickness iNJc absorb phonons. The activation of Hphonon-assisted
orderedﬂand_ disordered mesoporous silicas is estimated to lig, . nic transitions can occur at the aforesaid equilibrium
~1 nm?’ Evidently, since this value is much smaller than the

. : : L condition.
minimal diameter of nanoparticles used, it is reasonable to It has been recently established that the main specific fea-
expect that the blue shift should be greater than that for the , . ¢ ihe |aser heating process for TP-produced FE’s gen-

nm S|I|cz_a p_artl_cles. H_owever, the ba_nd_ Sh'ft. observed ISerated in the confined space of silica-based nanoscale mate-

S'f“a"e“ indicating again some contradiction W'th the theoryrials is the fact that the FE's are produced at the condition

Final e ot Lt o xperimentl rests dicussec oM mense lser ght s appiec A0 Wen 9. Thi
esults from the fact that the rate of TP transitions is usually

nanoscales is different from that occurred in semwonductogmall?l so the laser light used should be much stronger in

nanoscale materials. order to reach an excitation than that required for the single-
photon process. Additionally, the mean free path length,

C. The FE laser-heating effect treatment for FE in bulk silicas is much longer than the size of silica
fragments in mesostructures considerddr example, in
type-lll fused silical ~500 nm).8 The latter feature indicates

Now we present an alternative model based on the corthat FE's should suffer collisions with the boundary of con-
ception of FE laser heating to explain the size effect infined regions. It has been recently shéihat the interac-
STEPL from silica-based mesostructufEgys. 4 and b Itis  tion of FE's with the boundary can occur either as the FE
well known that the self-trapping process is caused by a loenergy transfer into the surface species with subsequent light
calization of FE’s in the lattice, which requires excitonic en-emission or without energy transfer as an elastic scattering
ergy reductiort! As a result, the STE states occur below the(Fig. 4). Of course, an FE collision with the nanoparticle
FE ones(Fig. 5). It is predicted that there exists a STE bar- boundary should be considered as an interaction with some
rier for FE’s which can be passed either by tunneling or bysurface atom. However, we will continue to refer to the pro-
activation(Fig. 5.1 We previously showed that the FE heat- cess as an interaction with the nanoparticle boundary bearing
ing up to energy exceeding the activation barrier enhanceis mind the FE scattering by surface atoms. Taking into ac-
their efficiency to be self-trapp€dBy contrast, the cooled count this assumption, one can predict that a FE is able to
FE's are able to reach STE states only by tunneling. Totallysuffer many collisions with the boundary within the applied
the efficiency of the FE penetration through the STE barrietaser pulse. As this takes place, the frequency of collisions
increases with the FE temperatufkinetic energy and  will tend to be higher with decreasing size of silica frag-
reaches its maximum when the FE energy exceeds the actients. Under these conditions the FE’s can additionally gain

1. Setting up the problem
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energy from a laser field and be heated up to high temperahe Hartree-Fock equation for electron gas into the one-
ture, creating an electron-hole plasma. We have recently preelectron Schidinger’s equation for the solid staté:
posed that the TP-excited PL from silica-based mesostruc-

tures reflects the dynamics of FE relaxation in the confined | h—2A+V r)—ef p(r’)—=p™F(r,r") dr' Lo ()

space of nanometer-sized silica fragments, including either 2m ( [r—r’| 5

elastic or inelastic scattering by the boundary, the laser heat-

ing of FE’s resulting in an increase in the self-trapping rate =Eje;(r), ®)
and the formation of biexcitons reIaXing into Frenkel WhereﬁHF(r,r’) is Slater’s averaging of the exchange inter-
defects?’ action of [p'""(r,r")] in the Hartree-Fock equation, and

Note that the FE cannot directly gain additional ENEIYYe, (r) are Bloch functions as one-electron functions in the
from the laser field, similarly as free electron in an ionizedg|ater determinarif Since the whole Hamiltonian of inter-

2-34 :
plasma2*~**It can be shown that if we assume that such a,ction in Eq.(5) after Slater’s averaging does not depend on
process occurs, then the conservation rules for energy andit is common to all electrons of the system. According to

momentum cannot be satisfied sim.ultaneo.fjélylowe.ver, this approximation, the electrons in the solid can be consid-
this is not the case for FE's suffering collisions with the graq 55 noninteracting quasiparticles propelled by some total
boundary in a similar way as for electron-ion collisions in averaged potentidisecond and third terms in E¢5)]. As

2234 o0 ;
plasm&d*~** and on the surfaC('a of silica nanopgmd‘és&_ this takes place, the quasifree electron is characterized by the
the stated conditions the FE's are able to gain additional,ean electron velocity, the mean electron momentum, and

energy from an electromagnetic field. ACCOfdingl%gheirthe effective mass. Finally, the electron motion in the solid
maximal kinetic energf.., can be expressed as follo state is equivalent to a motion of quasiparticle with the ef-

fective massmj in a viscous state with the friction coeffi-
Ee-n=Eini+ Emax, (3 cient of 1#, wherer is the relaxation timé* We will use the
) o ) . previously mentioned solid-state background to describe the
whereE;, is an initial energy of FE's after their generation penavior of FE's in the confined space of the nanometer-
and Eng, is the greatest possible energy of FE'S gainedsize( silica fragments of silica-based mesostructures. Despite
within the laser heating process, 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
Emax= 21 AE™M=kAE™, (4) case it is necessary to solve the Boltzmann equation, describ-
" ing the FE relaxation in the solid state due to interaction with
optical phonong? 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 7 among collisions with the boundary of confined re-
gions is negligibly small. At the condition mentioned the
kinetic energy of FE's will be affected exclusively by the
d’ teraction with the boundary rather than the interaction with
ptical phonons. As a result, we can neglect all the processes
of energy dissipation for FE's due to interaction with

wherex is the maximal number of collisions within the laser
pulse duration ofr_, and AE™ denotes the energy incre-
ment due to a single collision, which corresponds to an in
crement of the FE velocitAV (Fig. 4). The energy incre-
ment AE™ can be found similarly as for electron laser
heating in an ionized plasnfA.According to Eq.(4), the
greatest possible energy of FE's is determined by the ener
increment due to a single collision and the maximal numbe

of FE collisions with the nanoparticle boundary within the honons and consider thereof as the free quasiparticles of
laser pulse duration of_. Evidently, the collision number P . x ) _ quasip
ngfectlve massng_,, interacting with the nanoparticle bound-

depends on the mean free path length of FE between t M hat the FE ined b |
sequential collisions, which in turn is determined by the di-ary- Moreover, we assume that the energy gained by col-

ameter of nanoparticles. All these issues will be consideredSIONS IS much greater than that initially taken at FE genera-
on. This statement corresponds to the condition, at which

in the next sections. However, because to our knowledge the-" ™ ) . .
increment of FE velocity due to each collision with the

FE laser heating process in nanoscale solids has never beb q hould b h hiaher than the initial velocity of
considered before, let us first summarize briefly the solig2oundary should be much higher than the initial velocity o

state background required to solve the problem. FE’s, AV>V,. Really, the initial kinetic energy of FE's can
be estimated as follows

2. The solid-state background of the FE laser heating problem Een=2% W Eq— (Eg-Eg )—Ea—(fiw o)~0.8eV
- X X . )

The picture suggested in general resembles the behavior (6)

of electrons suffering collisions with ions in an ionized -~ . -
plasma®?~3* To clarify this statement we briefly recall sev- where# we,c=6.4 €V is the laser photon energf{~Eg)

eral known propositions from solid-state physics providing'S the FE binding energy, wheig; denotes the FE energy
the basis, on which the FE laser heating problem could bgap(~10.2 e\},2 E, is the activation energy for FE hopping
solved. It is known that the electron in the solid state can bé~0.1 eV, Ref. 8 and(% w o) denotes the average energy of
considered as a quasiparti¢fet® Slater suggested a proce- LO phonons in silica nanoparticlgs-0.1 e\).*® Since the
dure to average the exchange interaction of quasiparticles ivalue estimated is much smaller than the energy of laser
the solid state, which is responsible for the modification ofphotons used and which could be additionally absorbed
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within the FE laser heating process, we will neglect the ini-light intensity indicating the single-photon inverse brems-
tial energy of FE's taken without collisions. Then E®) strahlung process. One can show that in the case of a non-

with Eq. (4) can be rewritten as linear interaction the efficiency of light absorption will de-
pend on the intensity in powe#, where a denotes the
km* L (AV)? number of photons taking part in the absorption proc¢és¥.
Ee_h=KAE(”)=T. 7)

4. The energy gained by FE due to a single collision with a
Note that the notions of the FE mean-free-path length and FE nanoparticle boundary
lifetime commonly used for bulk materials lose completely . . : :
their meaning under the conditions mentioned because of the According to the previous discussion, E@) could be

lack of energy dissipation of FE’'s among collisions. The life- _?_E]plle:ihto allfreg elleclttrotn n thg.SOI.ld twnm@fm pla:jcg ?fr?h
time of FE’s in this case is determined exclusively by the ' €N tN€ classical €lectron raditsis transiormed into the

H — a2 * 2 H
pulse duration of laser light. Accordingly, the total averagePlaron radius,=e“/eme cp,, wheree and ¢y, are the di-
effective mean-free-path length of FE’s will be determined a'€Ctric: con?tant and the velocity of light in a*m_edlum,
L=Eﬁ:1<Lg}?>, where(Lg}%) is the average effective mean- respectively! In a similar way the substitution af into

free-path length of the FE between two sequential collisionsEd- (9) gives the expression describing the energy gain for

The word “effective” reflects the limited utility of the notion Noles with the same polaron radiug, because ofmg

! % — 30 . S .
of the FE mean free path length in the case of nanometer= My =M.~ The energy gained by each collision is equal in
sized solids. magnitude because all the parameters discussed are constant

at the fixed intensity of laser light used. The effective laser
3. Laser heating of the plasma field in a medium increases by the factor &.s=E,

. . . . +(47#/3)P, whereP is the total polarization of a medium,
In the current section we briefly consider the laser heatm%vhich in the high-frequency limit is expressed Bs (=

of electrons in an ionized plasma as an analog of the process 14 ) . ) .
: . e i ailing. . = 1)Ey/47,~" wheree., is the high-frequency dielectric con-
occurring with FE’s in silica-based nanoscale materials. Thestant(for silica e.,=2.14, Ref. 36. Finally, the FE energy

electron heating by electromagnetic waves is well known, . : -~ X )
gy g ain due to a singlenth collision with the nanoparticle

and is usually referred to the inverse bremsstrahlun : .
process?~>* This process is associated with the absorption oundary can be expressed as a sum of energies gained by
of additional quanta from the laser field due to electron Scatglectron and hole together. Then we have

tering in the presence of a strong electromagnetic wave. The m* (AV)2 202r o
additional energy can be gained either by single-photon ab- AEM=_¢N ~ PL , (10)
sorption or by a multiphoton process depending on the inten- 2 TCm

sity and frequency of laser ligfit.>*Accordingly, the energy wherel ¢=(c,/8) EZ is the effective laser light intensity in

rate equation for an electron in ionized plasma in the pres- ] € .
; . . . nanometer-sized silica fragments. Here we used the collision
ence of an intense laser field of amplituggis expressed as

number withint, ask=v7 = 1. Correspondingly, the incre-

34
follows ment of the FE velocity due to amh collision is
d_E_ e’Egv _ 2Emy ®) an2r | eff\ 12
dt  2m(w?+1%) M v~(*—“) (11)
me_h’JTCm

where the first term describes the energy gain and the second

one corresponds to the energy loss due to collisions with\ote that we do not consider here the nonlinear FE laser
ions. In Eq.(8) e andm are the electron charge and mass, heating because such processes are expected to occur only at

is the ion mass, ané and » denote the frequencies of the laser light intensities much higher than used in our measure-
laser field and collisions, respectively. The direct integratiorMents.
within the laser pulse duration of, and using the initial

conditionE=0 whent=0 gives
2mvr
1-expg - M ) length of FE's suffering collisions with the nanoparticle
boundary. Because the FE is assumed to be involved in an
ezngL N2rel vr N2l vr elastic scattering process, it may be scattered by the bound-
= 2m(w?+ 1?) - mc(1+ 13 w?) P ©) ary in an arbitrary direction inside nanoparticle. Note that
such a situation repeats for each collision and the total path
where it has been reasonably assumed Matm and w  |ength of the FE within a time frame of_is determined as
>v, also taken into account that the laser light intensity isa sum of effective mean-free-path lengths between all se-
| =(c/8w)E3,\=2mclw is the laser light wavelengti,, guential collisions. It is easy to show taking into account the
=e’/mc? is the classical electron radius, andlenotes the differential area element on the surface of a spherical shell
velocity of light in vacuum. It can be easily seen that thewith diameterD, that the probability of FE scattering by the
energy gained by the electron linearly depends on the lasdroundary over a whole set of directions, making an angle

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

2
Me’E]

E— In this section we consider the effective mean-free-path
CAmP(w?+ V)
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betweend and ¥+ dJ with respect to a tangent plane to the (L@ AV
surface isdW=cos?¥dd. Then the average effective mean- U VE V—+ v+ink]. (18
free-path length fonth collision is found by standard proce- 0
dure Finally using Eqg.(13) we can get fork the following rela-
- tionship
<Lg?f>>=f IdW=f | cosd d, (12) 27, 1
0 K:ex;{AV(—— —) —vl. (19
D V,

wherel =D sin4} is a chord. Finally, the integration yields
Hence, the maximal collision number rises with) the de-

creasing diameter of nanoparticlé®) increasing laser pulse
duration, and(3) increasing the energy gained by a single

collision with the boundary.
Therefore, the total average effective mean-free-path length

of the FE, sufferinge collisions within a time frame of , is 7. The maximal energy gained by FE’s withina

L=35_ (LEH=xDr2. Substituting Eq(10) and Eq.(19) with Eq. (11) into Eq.

(7) one can obtain an expression for the final kinetic energy

of FE’s, sufferingx collisions with the boundary of the nano-

particle of diameteb exposed to laser light with wavelength
According to previous sections, the FE moves uniformly), intensityl, , and pulse duratiom,

through the nanoparticle body among collisions with the ini-

72
(L&Y = fo D sin® cos® d9=D/2. (13

6. The maximal number of FE collisions in a nanopatrticle of
diameter D within 7

tial velocity of V. After each collision with the boundary, B 2021l f" o 2n. 1 y ot 1/2_
the energy of FE’s increases by the valueAdE(™, which eh™ o € D Vo \mk,mcn Y
corresponds to an increase in the velocity of the FEAWY (20)

(Fig. 4). Using this model, the time required for the FE to
reach the boundary for the first time is expressedAag
=(LINV,. The time between first and second collisions is
Aty =(LEY(Vo+AV). Correspondingly, the time between

It can be easily seen from E(O) that at the fixed param-
eters of the laser excitation\ (I, ,7,) and the material used
(Vo.mg.,Cm . I p) the energy of FE’s gained by laser heating
_ . - . ) increases with decreasing nanoparticle diameter as é&xjp(1/

1 and « sequential collisions isAt,=(Lep)/(Vo+<AV) Also, the efficiency of the FE laser heating process should be

(Fig. 4). It iSK evident that in the framework of the model ;o higher with increasing wavelength, intensity, and pulse
considered®;_  At;=7_. Hence we can write duration of applied laser light.

(L@ [av 1

= — + D. Comparison with experimental data
LAV [ Ve VY
W+l As we mentioned above, FE laser heating leads to an
increase in the FE kinetic energy. One can reach the condi-
1 1 1 tion at which FE’s are extremely hot, so they create a high-
+ v + ] +eeet v (14  density electron-hole plasma. The temperature of laser-
— 412 43 ik heated FE’s, which have suffered only a single collision with
AV AV AV the boundary can be estimated using a gas Kkin-

Because we use again approximatid'>V,, the AV/V,  ©tics approximatioff as follows: Tge=(2/3)(6.4eVK)

terms in the denominators of series can be left out. Then wé 0-5 10K, where k is the Boltzmann constant. The ob-
have tained value is typical for MP-produced excitdhand laser-

heated plasm¥ Because the FE's suffer many collisions,
(I gf? AV 1 1 the temperature of the plasma created is expected to be much
XY (V_+1+ Stz t —)- (15  higher than the estimated value. However, the energy losses
0 K . .
should also be taken into account in order to make a correct
When working with such a type of series we recognize theestimation of the maximal temperature of the electron-hole
Euler’s constanty=0.577 . . .(Ref. 37 and 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 re-
sponsible for an increase in the efficiency of the FE penetra-
Hence, tion through the STE barri&rAs a result, the intensity of the
STEPL band becomes higher with the power of the laser

L

y=Ilim

n—oo

1+1+l+ +1| 16
E § ﬁ nnj. ( )

. . 11 1 light as compared to the PL bands related to the hydrogen-
ta r!'_ri In n_r!'TK Lotz t oty 17 related centers and NBOHCs.
The hot FE's reaching STE states normally lose energy by
Then Eq.(15 can be rewritten as follows the emission of lattice phonoitthe process of STE cooling
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As this takes place, the lattice is heated up to a certain tembined phonon mode LO-LO; (0.058+0.15=0.208 eV),
perature. Further thermal diffusion causes the cooling ofhe energy of which is close to the experimentally observed
nanometer-sized silica fragments. Because there is a big diblue shift(0.21 eV} (Fig. 5).

ference in the temperatures of electron-hole and lattice pho- The STEPL blue shifts observed in mesoporous silicas
non subsystems, a temperature gradient is formed. Ongan be interpreted in the same way. First note that the FE
would expect that the heat transfer from hot STE’s into thelaser heating model completely eliminates the contradiction
lattice is proportional to the temperature gradi#nEinally ~ mentioned in Sec. B. It becomes evident that in the case of
the electron-hole and lattice-phonon subsystems come to small-radius Frenkel excitons the wall thickness in the range
thermal equilibrium condition, which is due to thermal lossesof ~1 nm is large enough to expect the QC effect. On the
at the boundary. If the lattice temperature at the thermal equiether hand, because the materials possess a regular array of
librium condition is not high enough, radiative transitions Uniform channels, the walls can be considered as one-
can occur from the minimum of STE adiabatic potential sur-dimensional silica fragments with-1 nm width. One can
face into the ground state corresponding to the undisturbetnagine that the FE's are able to move along the one-
lattice site(Fig. 5. However, if the lattice temperature at the dimensional fragments without collisions with the boundary
thermal equilibrium condition corresponds to the energy ofUS hampering laser heating. As a result, the blue shifts

lattice phonons, the STE is able either to emit or absor%bserved in the mesoporous silicas are smaller than those in
lattice phonons and, as a result, the radiative relaxation o nm _3|I|ca nanopartlcles._ AISO'.the order!ng of mesoporous
STE’s can involve phonon-assisted transitighet transi- materials affeqt; the heat!ng efficiency. Slr_1ce the d|sorQered
tions). The availability of phonon-assisted transitions appeargn esoporous silicas contain many defects in thg regulgrlty of
as additional light emission components in the STEPL bandchannels and since this feature will lead to the high incidence

Th i ) 4 in the sh of FE collisions, it is reasonable to assume that the laser-
e resuiting components are situated in the short Waveﬁeating efficiency should be somewhat higher than that in

length side of the STEPL band with a shift equal to theg 4ereq materials. This is a reason why the blue shift for

lattice phonon energy, so they form a phonon sideband. ATEp hand in MCM-41 materials does not occur. Accord-
photon emitted within this process tawp =Eqy_ +hwi0.  ingly, the 0.06 eV blue shift in the 2 nm pore sized disor-
where Egere denotes the STE energy gap. Accordingly, onedered mesoporous silica is assumed to be due to an activa-

can observe what appears to be a blue shift in the STEPL arfPn of LO, phonon-assisted transitions, similarly as for 15
its value will be affected by the maximal energy of FE’s "M silica nanoparticles. In the case of 6 nm pore sized ma-

gained due to the laser heating process. It can be easily seffial the activation of L@ and LO; phonon-assisted transi-

from Fig. 1 that the FWHM of the STEPL band in silica- 1onS are responsible for the 0.06 and 0.15 eV shifts, respec-
: t%\gely. The greater blue shift for 6 nm pore sized materials

neous contributions from phonon-free and phonon-assistefidicates that the heating efficiency of FE's in this case is

transitions. Evidently, if the more energetic phonons are in—hlgher than that for smaller pore sized mesoporous silica.

versa. The lattice temperature at thermal equilibrium condl—res is expected to be thinner.

tion can be estimated by using experimentally observed ", gqid be noted that the blue shift of the STEPL band in
shifts of the STEPL bands in the same way as it has beefhe model presented is determined both by the maximal en-
done for heated FE'sT;=(2/3)(0.06 eVK)~4.6X10°K, ergy of FE's gained by laser heating before being self-

T,=(2/3)(0.15 eVK)~1.16x10°K, T3=(2/3)(0.21  trapped and by a combination of phonon modes existing in
eV/IK)~1.6x10°K. The temperatures obtained are quitethe given kind of materials at the lattice temperature corre-
reasonable. sponding to the thermal equilibrium condition between

Let us consider now what kinds of Sjdattice phonons electron-hole and lattice-phonon subsystems. It has been
can be involved in phonon-assisted transitions. According tghown above that the maximal energy of FE’s increases with
Ref. 36, there exist three types of Lngitudinal-optical  decreasing size of nanoparticles as a function of ekp(1/
and TO(transverse-opticaphonon modes in silica nanopar- [Eq. (20)]. Because of the proportionality between the heat
ticles, which correspond to three different local vibrationaltransfer rate and the temperature gradient mentioned above,
motions of oxygens with respect to the silicon atoms: thethe final lattice temperature at the thermal equilibrium con-
rocking, bending, and asymmetrical motions, respectivelydition will be proportional to the maximal temperature of
The corresponding frequencies are the following: ;TO laser-heated FE's. Therefore, the function exp(ltan be
=424cm *(0.053eV), LQ=471cm !(0.058eV), TQ applied to describe the dependence of the STEPL band shift
=791cm 1(0.098eV), LQ=1005cm ! (0.125eV), TQ  with decreasing size of silica fragments. Of course, the fit to
=1086cm 1 (0.135eV), LQ=1206cm !(0.150eV). As experimental data is somewhat qualitative because of the
we demonstrated above, the STEPL blue shift for 15 nnsimplified type of the fitting function and the fact that the
particles is 0.06 eV, so this can be attributed to the activatiomctual size of nanoparticles allows for some variations. How-
of LO; phonon-assisted transitioiiBig. 5. The more ener- ever, we discuss here the essential physics of the process.
getic phonons are involved in the case of 7 nm silica nano©ur task is to identify the physical mechanisms responsible
particles in full agreement with the theoretical prediction.for the observed blue shift in the excitonic PL for wide-band-
Accordingly, the radiative transitions are assisted by a comgap nanoscale materials. From this point of view, the func-
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tion exp(1D) that arises from the new model correctly de- bronic coupling effect for diamontf;* the aforementioned
scribes a tendency for the shift of the STEPL band in silicablue shift can be explained in the framework of the many-
nanomaterials. Since the properties of the function exp(1/ body dynamics discussed in Ref. 39, as an activation of TO
is close to that of T2, the blue shift of STEPL band can be phonon(0.16 e\j-assisted transitions rather than the QC ef-
fitted by either of then(Fig. 3), despite the fact that @?  fect on core excitons. The emission of two or three TO
function is usually consistent with the QC effect but Phonons is already enough to cover the blue shift range ob-
exp(1D) is related to the FE laser heating process. The simiserved in Ref. 9. Note finally that the explanation suggested
larity of the function types, describing the blue shift of exci- is based on the generally accepted notions of modern solid-
tonic PL with decreasing size of nanometer-sized fragmentitate physics*°and does not require any additional assump-
may be a source of errors in the interpretation of size effect§ons.
on excitons in wide-band-gap nanoscale materials.

Alternatively to the hot radiative transitions mentioned IV. CONCLUSIONS
above, it is reasonable to expect a similar phonon-assisted

process in the absorption of light by solids. Accordingly, the;, s1ep| from SiQ-based nanoscale materials. The STEPL
phonon emission accompanying the light absorption proce

S ! . o SBlue shift with decreasing size of nanometer-sized silica frag-
(an.md!rect procegsshould manifest itself as a shift in _t_he ments in mesostructures studied has been treated by two
! e NSmodels taking into account the QC effect and FE laser heat-
was observed in photoelectrtl)}n emission from the bulk dIaing by a strong electromagnetic field. We have showed that
mond due to exciton breakdp. Taking into account the the use of the QC model developed for the Mott-Wannier

phonon-assisted transition conception let us consider the ©%xcitons in semiconductor nanoscale materials is totally un-

perimental results taken from the x-ray-absorption Spectrosg, e for Frenkel excitons typically existing in wide-band-
copy of nanodiamonds, initially explained as a QC effect on

) . gap materials. Alternatively, our model, which is based on
the tcorteh excngr?. Ff;rstt note It\?a:t t\?ve agthors O.ft the Papg the conception of the FE laser heating gives good agreement
quote the % ertect on Mott-Wannier excitons -in- ot experimental data. We suggest that the blue shift of the
nanocrystaf$*® as similar to the situation occurring in nano-

di 4s. H th 1 f it in bulk di TEPL band originates from the activation of phonon-
lamonds. However, the naturé of excitons In bulk AIaMONG, gqista transitions. The greater blue shift corresponds to the
and silicon is completely different. As mentioned in the In-

troduction, the effective bohr radius of the core exciton inactivation of hot transitions involving more energetic
) N o . honons or their combination. The blue shift of the STEPL
diamond is 0.17 nn® whereas it is estimated to be5.25 b

. . S n nds on the temperature of laser h FE's that in
nm in silicon?* Additionally, the Mott-Wannier exciton in band depends on the temperature of laser heated FE's that

- ; ; ; X turn is determined by the size of nanometer-sized silica frag-
silicon is an example of the weak vibronic coupling efféct, y g

: L . . ments. This happens because the temperakiretic en-
whereas the core .excnon_m diamond is char.acte_nzed by érgy) of the laser-heated FE increases with the number of
very strong vibronic coupling constant, resulting in the ap-

f h ideband | . tcoIIisions with the boundary of confined regions, which
pgt?]ranl)cetp al P onbon S| eh?‘?] mgg&qy e”f‘('fs"t’f]j SPECURnds to be higher with decreasing size of silica fragments in
with vibrational numbers as nigh as IS evIdent Irom 1,3 noscale materials. The model proposed in this paper shows
this comparison that the size effect in these nanocrystals Calk-t the blue shift of PL bands in nanoscale materials in

not be considered jointly. Despite this fact the authors of Ref
! . eneral does not need to be related always to a QC effect.
9 used the QC model developed for Mott-Wannier exmtonsg S ways Q

in semiconductors. Moreover, they pointed to a monotonic
shift of excitonic peak in the &-edge absorption spectrum
towards higher energies as a crystallite radius decreases. The authors acknowledge Academia Sinica and China Pe-
However, it can be easily seen from the corresponding figuré&roleum Corporation of Taiwan, Republic of China, for finan-
that the peak practically does not shit89.0 eV} for crys-  cial support. The work also was supported by National Sci-
tallites with radii in the range of 35 nm to A/m, whereas it ence Council of Taiwan: Y.D.G. and S.H.L. Grant No. 89-
is situated at 289.4 eV when the size is less than 35 nm113-M-001-050, L.P.H. Grant No. 89-2113-M-002-033, and
(27-3.6 nn). Because of indirect band-gap and strong vi-Y.T.C. Grant No. 89-2113-M-001-032.

In summary, we have provided evidence for a size effect
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