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The photoluminescend®L) from 7- and 15-nm silica (Si§) nanoparticles induced both by ArF laser light
Nex=193nm(6.4eV), 7.=15ng and by Nd:YAG (yttrium-aluminum-garnet laser light [\gyc
=266 nm (4.66 eV),r_ =8 ng was studied. The laser light intensity dependencies of the PL yields reveal the
two-photon(TP) process of the PL excitation in the case of ArF laser light. The PL results from the radiative
relaxation of self-trapped excitodSTE- the blue band also from the surface hydrogen-related spetiles
green bany and the bulk nonbridging oxygen hole centtd8OHC's- the red bandexcited by a radiationless
relaxation of TP-produced free excitoflSE’s). The main point is focused on the effect of the nanoparticle
surface condition on the FE dynamics. The dynamics includes either an elastic scattering or quenching by the
nanoparticle boundary, the laser heating of FE’s up to energies in excess of the STE barrier, the FE energy
transfer to the surface and bulk NBOHC's and hydrogen-related centers, the saturation of the FE density, and
the biexciton process in the formation of Frenkel defects with their subsequent transformation into NBOHC's.

I. INTRODUCTION fied. Since the mentioned species are abundant in the silica-
based nanoscale materials, the study of silica nanoparticles is
Silicon dioxide (SiQ) is a typical wide band-gap insula- also of profound importance for the silicon-based electronic
tor (the band-gap of bulk silick,=11eV Ref. 3, therefore  technology.
the bulk SiQ-based materials are characterized by high Many spectroscopic studies were devoted on structural
transparency in the ultraviolet spectral range, resulting irdefects in crystalline and glassy Si@enerated by using
many important technological applications. The properties oexcimer laserd*~68-101218 glectron beam§10:25:29:36.37
these materials have been extensively studied for an appreeutrons;’%1®2* jon implantatior®> or an ionizing
ciable length of time and quite well established® On the  radiation>%162428Tsaj and Griscom proposed an excitonic
other hand, modern nanoscale technology requires the proaechanism for defect formation in Si® Because an inter-
duction of nanometer-sized Sj@ims and layers, which are mediate case between two main types of excitths Fren-
of frequent use in silicon-based electronic devices for passikel and Mott-Wannier excitonsoccurs in wide band-gap
vation and electrical insulation. Since the properties of silicamaterials, including Sig the free excitongFE’s) and the
based nanoscale materials are assumed to be different froself-trapped excitonéSTE’S) coexist in these materialg? It
those of the bulk specimens, a great body of investigationss known that the self-trapping of FE’s is accompanied by a
was recently devoted to the study of nanoscale ,SiOstrong distortion of the SiQlattice, which leads to a large
solids®°~3° From the physical point of view, there is an in- Stokes shift of the STE PISTEPL) band. As a result from
terest to compare the properties of bulk and nanometer-sizddlis the intrinsic recombination appears as an emission band
silicas, especially those that are related to the carrier andeaked at~2.75 eV with a full width at half maximum of
exciton transport. The last process is assumed to be respor-0.7 eV and lifetimer~1 ms2 This emission is attributed
sible for the defect formation in silicon dioxide and affectsto a triplet-to-singlet transition in STE and can be induced by
its optical and electrical properties. Silica nanoparticles withultraviolet light® energetic electror, x rays? or multipho-
diameters in the range of several tens of nanometers or lessn (MP) excitationt** Totally, there are several channels
are excellent candidates to reach the mentioned goal. Nofer the FE energy relaxation, including the mentioned self-
also that the discussed spectroscopic properties of nanoscafapping followed by STEPL, the FE energy transfer to im-
SiO,-based materials are closely related to the problem opurities and structural defects with the subsequent excitation
=Si-H and=Si-Oe species in silicon-hydrogen alloy films of their intrinsic emission, and the radiationless decay and/or
and porous silicoA’~*3 The photoluminescencéL) from  defect formatiort. It is well known that the self-trapping pro-
porous silicon is very promising for quantum electronics, butcess results from a localization of FE'’s in lattice, which re-
the origin of this emission has not yet been completely clari-quires a reduction in the FE enerffyAs this takes place, it
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is predicted that there exists a self-trapping barrier for FE'sjehydrated at different temperatur@,= 300 (the initial
in order to reach self-trapped states, which can be passe&émple, 873, and 1173 K fo2 h in air. The PL measure-
either by tunneling or by activatiol. According to this ments were performed in a vacuum chamber at room tem-
statement, it is reasonable to expect that the FE's should hgerature using both an ArF pulsed lasef gy
heated up to an energy exceeding the activation barrier be=193 nm(20ns); Lumonics, EX-732vith a repetition rate
fore being self-trapped. The resulting energy reduction dugf 10 Hz and a Nd:YAG pulsed lasgk o,c= 266 nm(8 ns):
to the self-trapping gives rise to the STE states inside th&pectra Physics, GCR-1P@ith a repetition rate of 30 Hz as
energy gap. For instance, the STE can be generated direct§urces of excitation. The laser beams have been focused by
in glassy SiQ by using photons with energy in the range of 3 30-cm lens into a 0.03-drspot. Any sample damages
8.3-9.6 eV, that is, smaller than the energy gab. were not observed during laser light irradiation in the applied
Griscom proposed a model of STE in SiBased on an range of intensities. The intensity of laser light could be var-
assumption that the electronic component of the STE is afed by a set of quartz plates. The sample was placed on a
E’ center(oxygen vacancyand the hole one is a peroxy copper holder and oriented to the laser beam by 45°. The PL
linkage (=Si-0-0-S=).?° As a radiationless channel in the was collected in a conventional 90° geometry by a 0.5-m
STE decay, the formation of Frenkel defects has beeispectraPro-500 monochromatthcton Research Corpora-
suggested’ Arai and co-authofsused nanosecond-pulsed tion) with 1200 lines/mm grating. The monochromator spec-
6.4-eV ArF laser light to observe a two-phot6FP) process  tral slit width was~0.7 nm. The spectra were recorded by
of the defect formation in silica glasses. Later Tsai andusing a charge coupled device caméRrinceton Instru-
Griscom® using the same TP excitation evidenced that perments, 33 1100 pixel$ within an accumulation time of 2
oxy radicals=Si-O-09 and G, molecules(Frenkel defects s, The data acquisiton was processed in a computer
are created through the biexciton process of the STE decagquipped with a CSMA softwarérinceton InstrumentsA
Shiluger and Stefanovitton the basis of a theoretical calcu- set of color filters has been used in order to cut stray radia-
lation proposed the formation of peroxy linkages and oxygenion from lasers and scattered laser light from samples. The
vacancies as a consequence of the STE relaxation. Skuja apflensity dependencies of the PL yieldDPLY) were mea-
Guttler® and Hosono, Kawazoe, and Matsun&nfinally  sured by using the CCD camera within an accumulation time
confirmed the existence of Frenkel defects from an infraref 10 s for each of laser light intensities. FTIR measurements
PL study of singlet @in SiO, materials. Also, since a per- were performed in a vacuum at room temperature using a
oxy linkage is considered to be a precursor for the nonbridgBruker IFS-113 v spectrometer with a resolution of 4 ¢m
ing oxygen hole centerd\BOHC's):12

—Si-0-0-Si= > =Si-0*s0-Si=, (1) Ill. RESULTS AND DISCUSSION

. . . A. FTIR control of the nanoparticle surface condition
this process can be involved in the STE decay as well.

Hence, the FE relaxation in Sj@naterials is expected to be Because the silica nanoparticles are characterized by a
very complicated and includes both radiative and radiationlarge surface/volume ratio, they contain a great deal of sur-
less steps. face structural defects=ESie and=Si-O¢). These defects
According to this statement, it would be very interestingresult from the splitting of the=Si-O-Si= regular bonds at
to probe the FE dynamics in silica-based nanoscale materthe moment of nanoparticle formation. As this takes place,
als. To our knowledge, such a consideration has not beewe nanoparticles are in a nonequilibrium condition with re-
carried out before. In the current paper, we present experpect to the adsorption-desorption process. Hydrogen atoms
mental data devoted to the study of TP-excited PL fromnormally block these defects, forming hydrogen-related spe-
amorphous silica nanoparticles induced by 6.4-eV ArF lase€ies on the surfacestSi-H and=Si-OH). The mentioned
light (Aexe=193nm). The PL spectra measured with thespecies are assumed to be a controlling factor in the aggre-
Nd:YAG (yttrium-aluminum-garnét laser excitation X,  9ation of nanoparticles into micron-sized compositgib-
=266 nm) were used as supporting data. Particular emphasides and weblike microstructure$:*** They are also the
has been placed on the effect of the nanoparticle surfac@riginal sites for the molecule adsorption. It is known that
condition on the dynamics of TP-produced FE’s. The surfacdvater molecules completely reduce the adsorption activity of
conditions of silica nanopartides were examined W|th|nthe silica nanopartiCIe surface. As a consequence, the silica
Fourier-transform infrareETIR) measurements. It has been Nanoparticle composites come to an equilibrium condition,
proposed that the FE dynamics includes either an elastihich corresponds to initial powders. The heat treatment in
scattering or quenching by the nanoparticle boundary, the Fgir varies the nanoparticle surface condition because of water
laser heating process followed by self-trapping, the FE entemoving. This process is usually termed as an activation of
ergy transfer to surface and bulk defects, and the saturatioi€ silica nanoparticle surface.
of the FE density and the biexciton process in the formation Since our main interest here is the probe of the nanopar-

of Frenkel defects with their subsequent transformation intdicle surface condition on the TP-excited PL, we have con-
NBOHC's. trolled the content of hydrogen-related species and adsorbed

water with heat pretreatment temperaturel £ 300
—1173K). For this purpose, FTIR spectra for the silica
nanoparticle composites in the range of the stretching vibra-
Two kinds of silica powdergAerosil, Degussawith the  tions of=Si-OH and HO were measured. The dynamics of
nominal particle size of 7 and 15 nfdiametey were stud- FTIR spectra as a function df; is shown in Fig. 1. The
ied. The powders have been pressed into pellets and thespectra were deconvoluted by Gaussian profiles. Figure 2

Il. EXPERIMENTAL SECTION
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FIG. 1. The FTIR spectra of 15-nm silica particles as a function 200t
of heat pretreatment temperaturg, . 3490 cm’'
shows, as an example, the typical spectrum for the sample of 100¢
15-nm silica particles heat pretreatedlai=673 K and cor-
responding Gaussian components. The spectra are very simi- o 2%sem , , -
lar to those that have been obtained for the larger sized 200 400 600 800 1000 1200

nanoparticle$® According to previous dati:*® the absorp-
tion bands can be interpreted as follows: 3748 &nO-H

stretching vibration in a free hydroxyl group on the surface G, 3. The heat pretreatment temperature dependencies of the
of silica nanoparticle$=Si-OH); 3736 cm*, O-H stretch- integral intensity of the FTIR bands for 15-nm silica particles.
ing vibration in free hydroxyls, but weakly perturbed by Numbers denote the position of absorption peaks.

neighboring adsorbed water on the surface; 3660%ci®-H

stretching vibration in hydroxyls located inside silica nano-whereas the amount of free and weakly perturbed hydroxyls
particles; 3490, 3250 ciit, O-H stretching vibration in two  reaches a maximum. After this temperature the concentration
different kinds of adsorbed water molecules on the surfaceyf free hydroxyls goes down, indicating the destruction pro-
and 2965 cm?, O-H stretching vibration in adsorbed water cess followed by the NBOHC's formatiofi:>>4°

dimers. The dependencies of integrated intensities for the

absorption bands related to each of the kinds of species The=873K

against the heat pretreatment temperature are shown in Fig. 2(=Si-OH) —— (=Si-O¢) +(=Si*) +H,07. (2)

3. It can be easily seen that the amount of free and weakly

perturbed hydroxyls increases in the same temperature range Th=873 K

as a consequence of water removing from the surface. When 2(=Si-OH) ——— (=Si-0¢¢0-S=)+H,T.  (3)

T comes to 873 K, the water is practically desorbed,

Temperature T, (K)

Note that similar reactions are expected to occur for bulk
species as welthe 3660 cm® band. However, the destruc-

288 g 2 3 tion process for bulk hydroxyls begins with smaller tempera-

05, FB8 & L ture.

o4l Subsequently, the surface of silica nanoparticles is almost
= completely dehydrated &t,=1173K and structure defects
§ 03 cover the surface. Thus, we can conclude that there exist
S o2l three special heat pretreatment temperatures for silica nano-
b= particles: T=300K corresponds to initial powders, at
© o1 which the nanoparticle surface is covered by hydrogen-

related species and adsorbed walgf=873 K is associated

005560 3600 3400 32003000 2500 2800 with the condition, at which adsorbed water is removed, but
hydrogen-related species still cover the surfack;
=1173K corresponds to the completely dehydrated surface
FIG. 2. An example of the FTIR spectrum deconvoluted by With a great deal of structure defects ofitg. 4). According
Gaussian profiles for 15-nm silica particles. Numbers denote th&0 this model, we have measured PL spectra from the
absorption peak position of the corresponding Gaussian compgamples prepared at three above-mentioned heat pretreatment
nents. temperatures. Of course, the surface condition variation pro-

Wave number (cm™)
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FIG. 4. The proposed model for the silica nanoparticle surface FIG. 5. A dynamics of the PL spectra for 15-nm silica particles
conditions following to the FTIR measurements. with heat pretreatment temperatui®,{). The spectra were normal-
ized at the 2.37-eV PL band =266 nm, |, =0.35 MW/cn?

posed for silica nanoparticles is a simplified approximation(1:4; Nexc=193nm, I, =0.15MW/cr?  (2);  Nexc=193nm,
It has been shown experimentally that a certain part of hyli=1.23 MW/cnf (3). Curves 1 and 4 correspond to the nonirradi-

droxyls is already transformed to NBOHC's Bt,= 873 K, ated and preirrgdiated With\ ¢ye= 193 nm, 1, =1.23 MW/cn?
giving rise to the corresponding PL respoﬁ%és.’s’gAlso a samples, respectively. Insets show the same PL spectra on a re-

certain concentration of hydrogen-related centers remains gduced scale. Curves 1 and 3 correspond to those in Ref. 39.

be present on the surface everTat= 1173 K3° However, as
it will be shown in the next sections, the use of this approxi-shift results from the existence of two bands peaket a9
mation nevertheless allows us to understand the main sp@nd ~1.79 eV (652 and 693 nm which were assigned to
cific features in the dynamics of TP-produced FE’s in silicabulk and surface NBOHC's, respectivefyNote that the red
nanoparticles. bands enhance significantly wiffy, in full agreement with
the proposed reactior{&) and(3).>*%° Since the photon en-
ergy of Nd:YAG laser light(266 nm, 4.66 eY coincides
very closely with the absorption peak of the NBOKE4.8

The PL spectra from 15- and 7-nm silica particles induceceV Refs. 13 and J)6comparing to ArF laser light193 nm,
both by ArF and by Nd:YAG(see p. 2 laser light (... 6.4 €V), both of the kinds of species located either inside
=193 or 266 nm for the mentioned three conditions of the nanoparticles or on their surfaces are able to emit light in the
silica nanopatrticle surface are shown in Figs. 5 and 6, respecase of 266-nm excitation. However, only bulk NBOHC's
tively. Overall, one can observe three bands located in thean be excited by 193-nm light. This experimental fact indi-
blue, green, and red spectral ranges. The green band peakeates the existence of two different mechanisms in PL exci-
at ~2.37 eV (523 nn) is characterized by a progression andtation. We propose that an ordinary one-photon direct pro-
was assigned to hydrogen-related species in our previousess of the intrinsic PL excitation from NBOHC's takes
study®*3° It has been shown that the progression is causeglace when 266-nm light is used. Meanwhile, it should be
by electron-vibrational coupling ie=Si-H species, resulting considered an indirect mechanism under 193-nm excitation.
from interaction between electronic transitions amBi-H  The indirect excitation is suggested to be due to the genera-
bending vibration in the ground electronic stdteBecause tion of TP-produced FE’s in silica nanoparticles followed by
the green PL band intensity did not vary within the giventhe radiationless FE energy transfer to NBOHC's. As a re-
time of laser irradiation, it has been selected to normalize thsult, the NBOHC’s becomes excited and the corresponding
intensity of spectra taken at different experimental conditiongleexcitation gives the emission. Since one can observe just a
(Figs. 5 and & single PL band related to the bulk NBOHC’s when 193-nm

The red PL band induced by 193-nm light is peaked afight is applied, the FE interaction with the surface NBOHC
~1.9 eV, whereas it is shifted towards the long wavelengths expected to be without energy transfer to this center. In
side with 266-nm excitation. According to previous data, theother words, we predict that the FE, interacting with the

B. The PL spectra from silica hanoparticles
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we have concluded that the 266-nm light intensity used in

o258 035 W our experiments was not enough to initiate the TP absorp-
24 (2-1,,=193 om (0.15 MW/cmj) t| on.

s Thus, we propose two different mechanisms for PL exci-
tation in silica nanoparticles. One of them is a direct one-
photon excitation of intrinsic PL from NBOHC's and
hydrogen-related centers, which occurs when 266-nm laser
light is applied:

Si0, nanoparticles

Initial D=7nm; T=300K

4.66 eV
(=Si-0¢),, — (=Si-0%)}

19eV
(=Si-00)F — (=Si-09),,

4.66 eV
(=Si-00)g — (=Si-00)}

PL intensity (arb. units)

T, =1173K

1.79 eV
(=Si-00)} — (=Si-Ov),, (4)

4.66 eV
(=Si-H)y —— (=Si-H)%

Ny
5 20 25 30 35

-

15 2.0 25 30 35 40 ae |
Photon energy (eV) (=Si-H); ——— (=Si-H)s,

where stars denote excited states armhds correspond to
FIG. 6. A dynamics of the PL spectra for 7-nm silica particles the bulk and surface species, respectively.
with heat pretreatment temperatui@,j). The spectra were normal- The second mechanism is an indirect excitation of the
ized at the 2.37-eV PL band,.=266 nm, I, =0.35 MW/cn? mentioned PL centers by radiationless relaxation of TP-
(1.4 Aexc=193nm) =0.15MW/cnt (2); Nee=193nm, I, produced FE’s. This happens when 193-nm light is u$ed
=1.23 MW/cnf (3). Curves 1 and 4 correspond to the nonirradiatedtal energy 12.8 e)/ The excitonic energy transfer to the PL

and preirradiated with\¢,=193 nm, I, =1.23 MW/cnf samples,  centers with their subsequent excitation is responsible for PL
respectively. Insets show the same PL spectra on an enlarged scajg.this case:

Curves 1 and 2 correspond to those in Ref. 39.
(e_ h)FE+ (ESFO')bH(ESFO’)E ,
surface NBOHC, suffers an elastic scattering. We will clarify

this conclusion in the next section. ) 19ev )
The blue band peaked at2.8 eV (443 nn) appears as a (=Si-00)y ——— (=Si-Ov)y,
shoulder near the 2.37-eV band and can only be induced by
193-nm light(Figs. 5 and & This PL band is attributed to an (e—h)get (=Si-H)s— (=Si-H)g ,
emission resulted from a radiative relaxation of STE'’s. To-
tally, we propose that the PL spectra measured with 193-nm 2.37eV
excitation originate from hydrogen-related spedibe 2.37- (=Si-H)§ —— (=Si-H)s. ®)

ev _band and NBOHC’s(the 1.9-ev ban)jeX(,:ited by ara- pgecause the FE relaxation on the surface NBOHC is sug-
diationless relaxation of TP-produced FE’s. Because th

e bl b i d dditionallv ob ested to occur without energy transfan elastic scatter-
s are able to be sell-trapped, one can additionally obseryj 0), the PL response from the surface NBOHC's is absent.

g?e Z.S—e\é Ph b?dndbrela:)ed to .STEh'S' It is evident &hat the dditionally, the self-trapping of FE's followed by radiative
ue band shou e absent In the spectrum taken WIth, o ~iion gives the STEPL:

266-nm excitation because the total energy of two laser pho-

tons(9.32 eV} is not enough to produce FE(40.2 eV Ref. (e—h)ee— (e—h)sTE,

1), which could be self-trapped and then emit light. How-

ever, as we mentioned in the Introduction, the possibility 28 eV

exists to generate STE’s directly in glassy $iy using (e—h)gtg—— (=Si-0-S&=),,. (6)

photons with energy in the range of 8.3-9.6 €¥.There-

fore, one can expect a direct TP process of STE generation As discussed in the Introduction, the relaxation of FE's
by 266-nm laser light. Since in using such a source of excigenerated in silica nanoparticles by 193-nm light can lead to
tation we did not observe the PL response related to STE'she defect production(NBOHC's). Therefore, we used
we confirm the fact that the excitation of PL in this case doe266-nm light to detect intrinsic defects, which could be pro-
not involve any excitonic states, hence is due to the oneduced by 193-nm light irradiation. For this purpose, we mea-
photon absorption process. Taking in to account these dataured four spectra for each sampi&) the spectrum mea-



4738 YURI D. GLINKA, SHENG-HSIEN LIN, AND YIT-TSONG CHEN PRB 62

sured with 266-nm light(2) the spectrum measured with A 193nm 265 nm

weak 193-nm light,(3) the spectrum measured with strong N I
193-nm light, and4) the spectrum from the sample preirra- 10} .ot Df
diated with strong 193-nm ligh80 min) then measured with & ol et

266-nm light (corresponding curves marked in Figs. 5 and j””!’ e Initial
6). It can be easily seen that the 2.8-eV PL band becomes ] PR A, =6200m

enhanced with respect to the green and red bands when much
power 193-nm light is applied for the 15-nm silica nanopar-
ticles (compare curves 2 and 3 in Fig).9n contrast, the
same increase in the laser light intensity does not affect the
2.8-eV band efficiency in the 7-nm nanoparticles for the ini-
tial and the heat pretreated Bt=873-K samples, whereas
the powering of light slightly decreases it in the heat pre-
treated atT;,=1173-K sample(curves 2 and 3 in Fig. )6
Additionally, one can observe a significant enhancement of
the 1.9-eV band efficiency for the initial and the heat pre-
treated afl ,,=873-K samples of 7-nm particles with power-
ing 193-nm laser light. Meanwhile, the effect becomes small
in the case of the heat pretreated Ta}=1173-K sample
(compare curves 2 and 3 in Fig).6At the same time, the
intensity of 1.9-eV band measured with 266-nm excitation
after preirradiation with strong 193-nm light remains the
same for all samples heat pretreated at different temperatures Laser Intensity 1, (MW/cm® )

(curve 4 in Fig. 6. If the sample of 15-nm particles heat

pretreated aTht: 873 K has been preirradiated with 193-nm FIG. 7. IDPLY for the 15-nm silica particles heat pretreated at
light, the 1.9-eV band efficiency measured with 266-nm ex_diﬁere.nt temperature T,) and measured witlh 193- and 266-nm
citation decreases, whereas does not vary for the initial ani#Ser light-Ap_ denotes the peak wavelength in the PL spectrum, at
the heat pretreated &, =1173-K samplegcompare curves which the correspor_ldlng IDPLY has bee_n me_asured._Da_lshed lines
1 and 4 in Fig. 5 As we see, the PL data is very rich are drawn as a guuge' to the eye showing different indices for a
reflecting complicated processes occurring in silica nanopaR°Wer functionip =1 in a log-log scale.

ticles. However, before proceeding to a detailed analysis of

spectroscopic findings presented in Figs. 5 and 6, let us con-

sider the IDPLY measurements, supporting the conclusion A 1930m 266 nm

made about the two mechanisms of PL excitation and throw- o 1,
ing light on the complicated dynamics of PL spectra pre- ORI *"’52°“’"j
sented in the current section. ’ s

873K

PL Intensity , (arb. units)

1173 K

Initial

7 =
o

C. The intensity dependencies of the PL yield$IDPLY )

Figures 7 and 8 show the corresponding IDPLY for dis-
cussed PL bands. It is known that thephoton excitation
rate (n denotes the number of photons that is necessary in
order to reach the PL excitatipnan be presented as follows:
WM =M where o™ is the cross section afi-photon
process and, is the laser light intensit§® Because the PL
intensity is proportional to the MP excitation rate, such
power-law dependencies are typical for the MP-excited
PL.113147-49The ysual way to analyze the IDPLY is to draw
them in the log-log scale. Then the resulting slope will show
the photonicity of the excitation proceskigs. 7 and &
Accordingly, the IDPLY obtained with 266-nm light is lin-
ear, indicating a one-photon process of the PL excitation. As
this takes place, the heat pretreatment temperature does not
affect the IDPLY slopes. The situation is considerably dif-
ferent with 193-nm excitation. The excitation dynamics is
much complicated in this case and includes the saturation gig. g. IDPLY for the 7-nm silica particles heat pretreated at
conditions. As a result, there are several inflection pointsgiferent temperatureT,) and measured with 193- and 266-nm
after which the slope changes. The IDPLY-slope for thelaser light.\p, denotes the peak wavelength in the PL spectrum, at
larger sized particle€l5 nm measured within quite low la-  which the corresponding IDPLY has been measured. Dashed lines
ser light intensity isn=1 for the initial and the heat pre- are drawn as a guide to the eye showing different indices for a
treated afT,=873-K specimens, but it becomes=2 with  power functionlp.~1{ in a log-log scale.

A =5200m S5
7

K 873K
n=t o
< A, =650nm

PL Intensity [, (arb. units)

1173 K

0.1 1

Laser Intensity |, (MW/cm?®)



PRB 62 TWO-PHOTON-EXCITED LUMINESCENCE AND DEFET. . . 4739

SiO, nanoparticles .
2,,=193 nm (1.23 MWicm’) ;
T= 300K, 2, =520 am
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FIG. 9. The heat pretreatment temperature dependencies of the
2.37-eV PL band intensity for the 15- and 7-nm silica nanoparticles
in semilogarithmic scale\ o,c=193 nm, 1 =1.23 MW/cnf.

increasing heat pretreatment temperature Tig=1173 K
(Fig. 7). As a finale stage, which can be reached at stronger FIG. 10. Schematic diagram in the terms of chemical bonding in
light, there is an inflection point and the slope changes, nor=-Si-O-SE= clusters for the self-trapping process of FE's in silica
mally approaching to the value, which is less than that forand corresponding absorption and emission transitions. The solid
the initial stage. The IDPLY slope remains close to linear forand dashed arrows show the two possibilities for the barrier pen-
all samples heat pretreated at different temperatures arfiration by activation or by tunneling, respectively.
measured within relatively low laser light intensities in the
case of 7-nm particles, but it increases upnte2 for the  tremely high efficiency of emission. Note that the 2.8-eV PL
1.9-eV band when the PL yield becomes saturdfgd. 8). band related to STE’s also enhances, much as the bands re-
Careful analysis of IDPLY slopes allows one to confirm lated to the hydrogen impurity and structural defects. We
the conclusion made in the preceding section that the mechaxplain this fact as resulting from an increase in the concen-
nism of PL excitation with 266- and 193-nm laser light is tration of STE’s in nanoparticle. It is evident that the energy
completely different. Since the FE dynamics is assumed tdransfer through FE’s occurs when the FE mean kinetic en-
be strongly dependent on the nanoparticle surface conditiorrgy is less than the activation barrier for self-trappiRay.
the IDPLY slope variation in the case of 193-nm light with 10). However, there is some probability of the STE barrier
heat pretreatment temperature is suggested to reflect the peenetration by tunnelin$f: Since the mentioned probability
culiarities of the FE energy relaxation in the confined spaceloes not depend on the FE density in the nanoparticle, the
of silica nanoparticles. For instance, as we mentioned abov&TE concentration is proportional to the FE density. This is a
the FE relaxation on the surface NBOHC'’s occurs withoutreason why all the PL bands discussed grow in intensity
energy transfefan elastic scatteringTherefore, if the con- simultaneously. On the other hand, there is nothing of the
centration of surface NBOHC's increases with increasingkind in the case of 266-nm laser light, indicating the ordinary
heat pretreatment temperatusee Sec. 3)1the FE density one-photon excitation of intrinsic PL from NBOHC'’s and
in silica nanoparticles dehydrated 8>873 K should be hydrogen-related centers.
much higher than that in untreated samples. From our point of view, an increase in the concentration
Some additional fact supporting the influence of the sur-of surface NBOHC'’s withT,, affects the IDPLY measured
face condition on the FE dynamics is a significant increase invith 193-nm excitation as well. As we mentioned above, the
the PL intensity as a whole with increasing heat pretreatmenDPLY slopes reflect the photonicity of the excitation pro-
temperature. It can be easily seen from Fig. 9 that the Plcesses. It should be noted that this statement is true only for
intensity increases dramatically within the same temperaturitrinsic transitions in isolated PL centers and in the case of
range where the free hydroxyl groups transform into NBO-direct electron-hole recombination in solid state. Therefore,
HC'’s (compare Figs. 3 and)9Therefore, if hydroxyl groups the valuen=1 for IDPLY measured with 266-nm excitation
cover the nanoparticle surface, we predict the FE quenchingeally corresponds to a one-photon process. However, this is
by the surface=Si-OH group, probably with hydrogen re- not the case if the FE energy transfer is involved into the
leasing. As a result, the FE density in the nanoparticle retotal process of PL excitation. The resulting IDPLY slopes
mains quite low and the FE energy transfer to PL centers isould be less than=2, despite the fact that the excitation
inefficient. Accordingly, the quantum efficiency of PL at the results from a TP absorption process. This happens because
mentioned situation is low. However, after heat pretreatmenseveral radiationless channels occur in the FE energy relax-
at temperature over,,=873K the free hydroxyls becomes ation in the nanoparticle and on its boundary, but the PL
replaced by NBOHC's=Si-O¢). Because of the elastic efficiency measured is determined exclusively by a rate of
scattering of FE's by the surface NBOHC's one can reach dhe radiationless energy transfer to light-emitting centers.
high density of FE’s in the nanoparticle. The energy transfeiSince the IDPLY slope variation with, is similar for all PL
to PL centers in this case is dominant, resulting in the exbands discusse(Figs. 7 and 8 we propose that the FE



4740 YURI D. GLINKA, SHENG-HSIEN LIN, AND YIT-TSONG CHEN PRB 62

guenching by the boundary more strongly affects the FE den- Let us turn now to the nature of the FE density saturation
sity in silica nanoparticles than the FE energy transfer to Plin silica nanoparticles. Because the FE in silicon dioxide is
centers and self-trapping. It should be noted that the lasaassociated with the replacement of oxygen atom in Si-O-Si
light intensity dependency of the spin density of defects in-bond from its equilibrium positiof, the number of FE’s
duced by 193-nm light in the bulk silica reveals the slopewhich could be produced, depends generally on the number
n=2, indicating a TP proce$sThis fact additionally sup- of Si-O-Si bonds in the silica nanoparticle. As a result, the
ports our statement about a dominant role of the nanoparticlgaturation of the FE density can be reached when most of the
boundary in the FE dynamics. So, if the FE quenching by theSi-O-Si bonds are involved in the generation process of FE's
boundary of 15-nm particles is domingite initial samplg,  and their motion. Thus, we propose that the FE density satu-
then the resulting IDPLY slope is less tham-2, whereas ration is caused by the terminal number of Si-O-Si bonds in
the situation approaches to the bulk silica when an elastithe silica nanoparticle. It is evident that the possibility of
scattering of FE’'s by the nanoparticle boundary takes placesaching the FE density saturation for the smaller sized silica
(Th=1173K). From this we conclude that the IDPLY slope nanopatrticles is very probable. The presence of NBOHC's
tends to be less tham=2 when there exists some effective will also affect the saturation condition. As we mentioned
channel in the FE density reduction. One can predict that natbove, the elastic scattering of FE’s by the surface NBOHC'’s
only the FE quenching by the nanoparticle boundary reduceis expected to be a reason for the high FE density in the
the IDPLY slope, but the high rate of the FE self-trappingnanoparticle. In contrast, if the surface is covered by hy-
will reduce it as well. The mentioned situation is suggestediroxyls, the FE density is low. On the other hand, the for-
to occur for 7-nm particles. As we will show in the next mation of each of the bulk structural defects decreases the
section, because the laser heating effect increases the R&al number of Si-O-Si bonds where FE’s could be pro-
mean kinetic energy in 7-nm particles more effectively thanduced. Additionally, since there is a FE energy transfer to
that for 15-nm ones, it becomes large enough, so it exceedsnilk NBOHC's followed by their excitation and emission,
the STE barrier. As a result, the FE self-trapping becomeshese PL centers can be considered as some of the kinds of
dominant and reduces the FE density. We consider this fedrapping centers, which also will effectively reduce the FE
ture as a reason why the IDPLY slope measured within quitelensity. Finally, we can conclude that the saturation of the
small laser light intensities for 7-nm silica particles is lessFE density is affected by the size of nanoparticles, by the FE
thann=2 (Fig. 8). In general, one can conclude that if an quenching on the surface, and by the FE trapping inside
indirect process of the PL excitation in the silica nanoparticlenanoparticles and on their surfaces. As a result of this we
takes place, the resulting IDPLY slope does not reflect dipredict that the extremely high FE density can be reached for
rectly the photonicity of the absorption process, because asmaller sized defectless nanoparticles with the low concen-
several pathways in the FE energy relaxation. tration of the surface hydroxyl groups.

One of the most important facts afforded from IDPLY  Note two important peculiarities of the FE dynamics for
measurements is associated with the saturation condition othe smaller sized nanoparticles. Firstly, the FE density satu-
curring for 7-nm silica nanopatrticles, after which the IDPLY ration can be reached even for the initial untreated sample
slope for the 1.9-eV band becomes-2 (Fig. 8. Note that  (Fig. 8. As we mentioned above, the FE quenching by the
this feature is observed only for the band related to the bullsurface hydroxyls is dominant at this surface condition for
NBOHC's and can be attributed to the formation of Frenkel1l5-nm particles. On the other hand, it is known that the
defect with their subsequent transformation into NBOHC’sconcentration of the free hydroxyl groups in 7-nm silica par-
[reaction(1)]. As a result, the concentration of bulk NBO- ticles is very low, because the surface hydroxyls are usually
HC'’s increases with respect to that thermally produced byounded in waterlike interfacial species, which are PL
heat pretreatmerfsee Sec. 3)1 Since the indirect PL exci- centers® The mentioned feature is suggested to be a reason
tation through the TP-produced FE's involves both of thefor the saturation of FE density even for the initial sample of
defect kinds produced by temperature and by irradiation, th&-nm silica nanoparticles. Secondly, the critical intensity dis-
1.9-eV PL band rises up with laser light intensity quadrati-cussed above is affected by the concentration of thermally
cally. The mentioned fact indicates that the defect generatioproduced bulk NBOHC's. Figure 8 shows that the critical
process is possible only when the laser light intensity is inntensity value is shifted towards higher intensities for the
excess of some critical value, after which the saturation oheat pretreated &aft,,=1173-K sample. We explain this fact
TP absorption in silica nanopatrticles occurs, likely to reflectas resulting from the FE density lowering due to the high
the FE density saturation. We propose that the FE density atoncentration of bulk NBOHC’s. The FE density saturation
this condition becomes high enough so the biexcitons can bi@ this case can be reached at the higher intensity of laser
formed. It is natural to assume that the formation of thelight than that for defectless nanoparticles. Finally one can
biexciton immediately leads to its self-trapping. It has beenconclude that both of kinds of NBOHC'’s located inside silica
shown for the indirect gap semiconductors that the meamanoparticles and on their surfaces, affect the FE density.
kinetic energy per electron-hole pair in the biexciton with However, the FE elastic scattering by the boundary is re-
respect to the single FE, increasd=rom this we predict sponsible for an increase in the FE density, whereas the bulk
that the resulting FE mean kinetic energy in the biexcitonNBOHC's effectively reduces it.
becomes large enough, so exceeds the STE barrier. The fur- As evidenced by the foregoing, a high-level resistance to
ther radiationless decay of self-trapped biexcitons leads t493-nm laser light characterizes the 15-nm particles. The
the formation of Frenkel defects with their subsequent transstructural defects were not produced in this material even
formation into NBOHC's. This model is an extension of the with the laser light intensity at which it usually happens in
model proposed by Tsai and Griscdm. the bulk silica®'® On the other hand, the PL efficiency for
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15-nm nanoparticles is much higher than that for 7-nm oneprove the model by the fact that such a picture does not
(Fig. 9. It can be observed visually as the flashes of lightalways happen with FE's. The mentioned elastic scattering
with an extremely high brilliancy passing through the wholeof FE’s by the surface NBOHC's takes place only at the
visible spectral range. The discovered property of 15-nnkjtuation when the surface of silica nanoparticles is domi-
silica nanoparticles is expected to be very promising fomantly covered by NBOHC'sT,= 1173 K). If this is not the
technological applications. case [,=873K), the process is expected to be either as an
elastic scattering or quenching. We assume that the last pro-
cess could involve probably the oxygen desorption. All pe-
culiarities discussed for the FE energy relaxation on the
Let us turn now back to Figs. 5 and 6 and analyze PLnanoparticle boundary are not completely clear and call for
properties of silica nanoparticles taking into account the FEurther experimental and theoretical studies.
energy relaxation model presented in the preceding section. Now let us discuss the dynamics of the blue PL band
As we mentioned in the Sec. B, the intensity of 1.9-eV PLassigned to STE’s. This band is absent for the initial sample
band related to the bulk NBOHC's for 7-nm nanoparticlesof the larger sized particle@-ig. 5. Despite this fact, the
increases dramatically when the 193-nm laser light intensitynaximum of the PL intensity can be achieved &,
becomes higher than that of the critical intensigig. 6, =873K, whereas the intensity becomes lower for the heat
curves 2 and B However, such a feature does not appear fopretreated afl;,,=1173-K sample. The mentioned features
the PL response in the case of 15-nm particles, despite theflect the strong effect of the silica nanoparticle surface con-
fact that the same laser light intensity was ugeid. 5. We  dition on the self-trapping process. As we noted in the pre-
associate that with the FE density saturation in smaller sizededing section, the FE energy transfer occurs when the FE
silica nanoparticles. As a result of this the formation of biex-mean kinetic energy is not enough to pass over the STE
citons relaxing into Frenkel defects and subsequently intgotential barrier(Fig. 10. However, this statement can be
bulk NBOHC's occurs. The formation of exclusively bulk violated in the case of the heated FE’s. We propose that the
NBOHC's is evidenced by an increase in intensity only forhot FE's can be produced within the TP process of their
the 1.9-eV band. Thus, the irradiation of 7-nm nanoparticlegeneration. The main specific feature of this process is the
with 193-nm laser light is a compound process involvingfact that the FE's are generated on the condition that an
both a PL excitation through the TP-produced FE’s and théntense laser light is applied. It is known that the probability
NBOHC’s formation, normally occurring at stronger laser of TP transitions is usually lo#f so it requires that much
light. The 193-nm light generated defects in the 7-nm parpower light to be used than that for one-photon excitation.
ticles are stable in time, and therefore can be easily detectefidditionally, the mean-free path length for the FE3$(in
with 266-nm excitation. It can be seen from Fig(dairves 3  the bulk silicas is much longer than the nanoparticle diam-
and 4 that the red PL band induced by 193- and 266-nmeter. For instance, for type-lll fused silica, which is a
light is comparable in intensity for the initial and the heathydrogen-contained material, so it is very close in properties
pretreated aff,,=873-K samples. On the other hand, theto amorphous silica nanoparticles measured; 500 nm?
efficiency of the NBOHC generation by 193-nm light re- The last feature allowed us to suggest that the FE’s should
mains to be very high for the heat pretreatedgt=1173-K  suffer collisions with the nanoparticle boundary. As we men-
sample(it can be seen from curves 1 and 4 in Fig,. I6ut the  tioned above, the FE is able to either disappear nonradia-
PL excitation through the FE’s is inefficiefig. 6, curve 3. tively on the boundary or being elastically scattered, depend-
We explain this feature as being caused by the high concering on the kind of surface species, with which the FE
tration of thermally produced bulk NBOHC's. Since the total interacts. At the mentioned condition the FE’s can addition-
number of Si-O-Si bonds where FE could be produced islly gain energy from a laser field and be heated up to high
small in this case, the efficiency of the FE energy transfer taemperature. Of course, when the FE mean kinetic energy is
the bulk NBOHC's should be very low. more than what is necessary for the self-trapping activation,
In contrast, the FE density saturation for the 15-nm parthe efficiency of self-trapping increases dramatically, appear-
ticles was not achieved even for the heat pretreated ahg as an increase in the PL intensity related to the STE'’s
T=1173-K sample, as we mentioned above. Accordingly(Fig. 10. Figure 5 shows an increase in the STEPL band for
some additional concentration of bulk NBOHC’s cannot bethe 15-nm particles with increasing laser light intensity,
produced in this sample and the intensity of red PL inducedvhich we attribute to the laser heating of FEsompare
by 266-nm light, both before and after preirradiation with curves 2 and 3 in Fig.)5 Since the probability of the FE
193-nm light, coincide very closelgFig. 5. However, the quenching by the boundary for the initial sample is very high
red PL band becomes a little weaker for the 15-nm particlessee Sec. 3)3 the efficiency of the laser heating of FE's is
heat pretreated af,,=873 K, which were preirradiated by low. As a result, the rate of the FE penetration through the
193-nm light(Fig. 5. The preirradiation affects only surface STE barrier will be also low. Hence, the self-trapping of
NBOHC's, because the resulting red PL peak simultaneousl¥E’s is inefficient and the corresponding STEPL band ap-
decreases and approaches to the position corresponding piears itself with small intensity. The efficiency of the laser
the bulk NBOHC’s(1.9 eV) (Fig. 5, curves 1 and)4From  heating becomes much higher for the heat pretreated at
our point of view, the specific feature discussed results fronT,,=873-K sample, because of the elastic scattering of FE's
a decrease in the concentration of thermally produced surfaan the nanoparticle boundary. Accordingly, the intensity of
NBOHC'’s due to 193-nm irradiation. We have proposedthe STEPL band increases. Because of an increase in the
above that the FE collision with the surface NBOHC occursconcentration of thermally produced bulk NBOHC's for the
without energy transfer as an elastic scattering. Now we imheat pretreated af;,=1173-K sample, the FE density be-

D. An analysis of the PL spectra dynamics
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comes lower and the STEPL intensity decreases, whereas the As we see, the dynamics of TP-produced FE’s in silica
laser heating rate remains higburves 2 and 3 in Fig.)5 nanoparticles is very complicated and calls for a separate
Hence, the model of FE energy relaxation presented in théheoretical study. The correct description of these dynamics
Sec. C quite reasonably explains all above-mentioned feaequires to take into account the TP absorption process in the
tures for STEPL band in the 15-nm silica nanoparticles.  FE generation, the quenching and elastic scattering by the
The STEPL band for the smaller sized nanoparticles appanoparticle boundary, the energy transfer to impurities and
pears for all samples heat pretreated at different temperatructural defects, and the biexciton model for the Frenkel
tures. Moreover, the intensity of the PL bands for the initialdefect formation.
and the heat pretreated Bt=873-K samples does not vary
with the 193-nm light intensity, but slightly decreases for the IV. CONCLUSIONS
heat pretreated at,,=1173-K samplécurves 2 and 3 in Fig.
6). According to the above-presented model of the FF energ
relaxation in silica nanoparticles, one can assume that th
FE’s are heated up to the energy exceeding the STE barri
in 7-nm particles even at weak 193-nm light used. Becaus
of the low concentration of free hydroxyl groups on the 7-nm
nanoparticle surface, the FE's can be elastically scattere %\gﬂléz fg(gttehde ?#rr(zicih%derO?zijri];lrtiecﬁi(sjscerre]tlg;safilgg t:) L;Ik
from the nanoparticle boundary gaining some additional enc .o 9
ergy from a laser field. We predict that the FE's suffer many We ropose that there exists some activation barrier for
collisions, increasing their mean kinetic energy after eack':E, N Fl)o P If-t 4 which b ith i
collision (the laser heating procesdt is evident that the . S 10 be sell-rapped, which can be overcame with Increase
frequency of collisions in the nanopatrticle tends to be highe n the FE mean kinetic energy owing to the laser heating.

with decreasing diameter. Hence, the efficiency of FE Iasewkilﬁ tlﬁztnr;rﬁge:rstitl:lseiscirr?;(;? tgnk)tﬁedgsnfj?tiglr?a?;t (;oéltlrscl)?]ns
heating is expected to be higher in the smaller sized nanci- € nhanop dary o 9
aser field is used as required of TP excitation.

particles. From this point of view, the FE density saturation It has been shown that the nanoparticle surface condition

discussed in the preceding section should be retermed méafrongly affects the FE dynamics, including the laser heating

more correct form as a saturation of the hot FE density. Th f FE’s with subsequent seli-trapping, the energy transfer to
high rate of the FE laser heating is a reason why the STEP ydrogen-related centers and NBOHC'’s, and the Frenkel de-

band can be observed for the initial sample of 7-nm particle :
ect formation.

compared to that of 15-nm ones. The further gain in the F We have found the high-level resistance to 193-nm laser

energy with increase in the laser light intensity does not af-

fect more the efficiency of the STE barrier penetration in thisIIght for 15-nm 5|I|c_a nanopartlc_:les. _The struc_:tura_l defe_cts
ere not produced in the material with laser light intensity,

case. As a result, the STEPL band intensity does not vary, ' . . in ine bulk silica the efficiency usually is quite high
with laser light intensity for the initial and the heat pretreated . X y yisq gn.
The mentioned resistance becomes lower for 7-nm silica

at Ty =873-K samples. A fall in the PL efficiency with in- panoparticles appearing in the formation of NBOHC's.

creasing laser light intensity for the heat pretreated a : ) Vs
T=1173-K sample can be attributed to a FE density reduc- One can reach the high density of FE's in the dehydrated

tion due to the high concentration of thermally produced1f5f.'n.m silica Eangpartlclesdresultmg In ;’;m eﬁtremely hlghl_PL
bulk NBOHC's. efficiency. The discovered property for the 15-nm silica

Note that the mentioned FE laser heating process is Simlqanopartlcles is expected to find numerous applications in

lar to that of the electron laser heating in a ionizednanoscale technology and quantum electronics.
plasmal~—>and under the MP ionization of molecular ions
adsorbed on the silica nanoparticle surfat& We propose
that this process is a specific feature of TP-produced FE’s in The authors acknowledge Academia Sinica, National Sci-
silica nanoparticles, and it should be taken into account irence Council(Contract No. 89-2113-M-001-032and the
studies of the FE dynamics in the wide band-gap nanoscal€hina Petroleum Corporation of Taiwan, Republic of China,

The experimental results presented in the current paper
nambiguously show that the PL from silica nanoparticles
rpduced by 6.4-eV ArF laser light is associated with the re-
xation of TP-produced FE’s.

It has been established that the PL results from the STE'’s
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