Applied Physics 3
Letters \

\

Ultraviolet photoluminescence of porous silica
N. Chiodini, F. Meinardi, F. Morazzoni, A. Paleari, R. Scotti et al.

Citation: Appl. Phys. Lett. 76, 3209 (2000); doi: 10.1063/1.126631
View online: http://dx.doi.org/10.1063/1.126631

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/V76/i22
Published by the American Institute of Physics.

Related Articles

Temperature dependent photoluminescence from porous silicon nanostructures: Quantum confinement and
oxide related transitions
J. Appl. Phys. 110, 094309 (2011)

Micropipe absorption mechanism of pore growth at foreign polytype boundaries in SiC crystals
J. Appl. Phys. 106, 123515 (2009)

Photo-oxidation effects of light-emitting porous Si
J. Appl. Phys. 105, 113518 (2009)

Vapor-phase silanization of oxidized porous silicon for stabilizing composition and photoluminescence
J. Appl. Phys. 105, 114307 (2009)

Highly efficient and air-stable near infrared emission in erbium/bismuth codoped zeolites
Appl. Phys. Lett. 94, 141106 (2009)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

Gooorellow

metals « ceramics « polymers « composites

70,000 products
450 different materials

mall quantities fast

Downloaded 26 Sep 2012 to 152.3.102.242. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/663787073/x01/AIP/Goodfellow_APLCovAd_933x251banner_9_25_12/goodfellow.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=N. Chiodini&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=F. Meinardi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=F. Morazzoni&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. Paleari&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. Scotti&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.126631?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v76/i22?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3657771?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3266677?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3140677?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3133209?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3115034?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 22 29 MAY 2000

Ultraviolet photoluminescence of porous silica

N. Chiodini, F. Meinardi, F. Morazzoni, A. Paleari,?) and R. Scotti
Dipartimento di Scienza dei Materiali, Istituto Nazionale Fisica della Materia,
University of Milano-Bicocca, via Cozzi 53, 20125 Milano, Italy

D. Di Martino
Dipartimento di Fisica “Alessandro Volta,” Istituto Nazionale Fisica della Materia, University of Pavia,
via Bassi 6, 27100 Pavia, Italy

(Received 30 November 1999; accepted for publication 4 April 2000

Excitation pattern and decay kinetics of ultraviolet photoluminescence of porous silica are
investigated between 4.5 and 10 eV by means of synchrotron radiation. Spectra are dominated by a
3.7 eV emission similar to the recently observed ultraviolet emission of oxidized porous Si and Si
nanostructures. Emission intensity is found to be controlled by the material specific surface. Other
emissions are observed at 2.9, 3.8, and 4.2 eV. All emissions show lifetimes of a few nanoseconds.
Spectral and kinetic features are sensibly different than in glassy, Si@gesting a revision of
previous assignments of ultraviolet emissions in oxidized porous Si and Si nanostructur2Z800©
American Institute of Physic§S0003-695(00)01122-(

A great deal of work was done in the last 2 decades tglete gelation. Final drying of the gel was obtained in 2
identify the structure of the defects responsible for the ultraweeks at 40 °C. The xerogel was then heated in oxy§én
violet (UV) photoluminescencéPL) in SiO,-based glassy ml/min) at a rate of 6 °C/h up to 450°C, and kept 20 h at
materials® This was mainly motivated by technological im- this temperature. Samples with different porosity were ob-
plications of PL defects in the physical properties oftained by stopping the treatments at 450 °C, or further heat-
SiO,-based devices for fiber optiésNevertheless, further ing at 550, 650, 750 and 1050 °C in vacuum. Surface area
interest is recently growing in this field owing to the possiblewas measured by the Bnanauer—Emmett—Taylor method:
relation between PL sites in bulk oxide and PL sites at thechanges from 700ffg in the xerogel to less than 1%g
surface of oxidized porous SOPS and Si nanostructures after treatment at 750°C were found. Structural changes
(SNS, promising materials for optoelectronit$ Tradition-  were also monitored by means of Raman scattering: shifts of
ally, in this area, PL studies are carried out in the visible andhe w, and w, modes$ at 440 and 1190 cit suggested an
infrared spectral regions. Only recently, a strong UV emisdincrease of the mean SD-Siangle of about 3° from the
sion at about 3.5—-3.7 eV in OPS and SNS has been reportegerogel to the glassy sample.
suggesting possible applications of silicon-based UV emit- PL measurements were carried out at the SUPERLUMI
ting materials in the evolution of devices for optical dataexperimental station at the HASYLAB synchrotron laborato-
storage’ But the origin of this UV emission is not yet clear. ries of DESY (Hamburg. The excitation spectral bandwidth
Different attributions to oxygen-deficient-centd®DC9°®  was 0.3 nm. PL signals were detected by a charge-coupled-
or to small Si clusters in oxide were proposéddowever, a  device camera with 3 nm of bandwidth. Three-dimensional
reliable analysis of these attributions has been prevented uspectra were obtained by collecting PL emission at different
til now by the lack of extended excitation data and timeexcitation energies. Time resolved data in the ns domain
resolved measurements. were obtained with a time window of 300 and 0.8 ns of

In this letter we present the analysis of the UV PL of excitation pulse duration. Optical absorption was measured
porous silica in a wide range of excitation energies, supby a spectrophotometer CARY2300 VARIAN.
ported by optical absorption, Raman scattering, surface area The PL—PL excitationPLE) pattern(Fig. 1) is domi-
and electron paramagnetic resonafE®R) data. Different nated by the emission peaked at 3.7 eV with a narrow exci-
kinds of PL activity were discriminated. In particular, we tation band at 5.5 eV. Other PL components are observed at
detected the strong UV emission previously observed in OP3.9 eV (excited at about 5 and 6 @Vat 3.8 eV(with broad
and SNS and we succeeded in controlling its intensity byexcitation structures from 6 to 7 eV, partially superimposed
modifying the material specific area. PL map and time reto the excitation of the main 3.7 eV Pland at 4.2 eMex-
solved data also allowed us to reassess previous assignmeoited at 6.5 eV. Time resolved data show similar PL life-
to the ODC structure of glassy SjO times: about 3—4 ns for the 3.7, 2.9, and 3.8 eV bands, and 8

SiO, samples were produced by sol—gel hydrolysis anchs for the 4.2 eV emission, quite independent of the excita-
condensation of 8DC,Hs), in HO—ethanol solution. Re- tion energy. Figure @) shows PL spectra excited at some
agent amounts were 5 ml(®IC;Hs),, 14 ml ethanol, and 3 representative energies for one of the investigated samples.
ml H,O. The sol so prepared was kept at 40 °C until com-Excitation spectra at selected emission energies are reported
in Fig. 2lb). Components at about 5, 5.5, and 6 eV are also

aAuthor to whom correspondence should be addressed; electronic maip_r_esent in th_e uv absorptipn spectrlﬂﬁi_g. 3(@] with inten-
alberto.paleari@mater.unimib.it sities lower in samples sintered at higher temperature. No

0003-6951/2000/76(22)/3209/3/$17.00 3209 © 2000 American Institute of Physics
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FIG. 1. Contour plot of the PL spectra vs excitation energy of a sample of
porous SiQ treated at 450 °C(The feature at high emission energy, lin-
early drifting from 4.2 to 4.8 eV, is due to reflected excitation light.

absorption bands are detected below 6.5 eV in samples
treated atT=750°C. Similarly, all PL emissions decrease

by proceeding with the sintering process at increasing tem-
peraturegFig. 3b)]. The 2.9 and 3.8 eV emissions, as well

as the 4.2 eV PL component, disappear after heating at
650 °C. Instead, the decrease of intensity of the 3.7 eV emis-
sion is less pronounced and shows a good correlation with

Chiodini et al.
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the decrease of specific surfadaset of Fig. 3b)]. No sig-

nificant difference of peak position, bandwidth or lifetime is FIG. 3. (a) Optical absorption spectra in samples treated at 450 °C, 550 °C,
instead observed as a result of the changes of linkage geori2d 650 °C.(b) PL spectra of the same samples excited at 5.5(&6e)

etry evidenced in Raman spectra.
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FIG. 2. (a) PL spectra excited at 5, 5.5, and 6 eV in porous,S@mples

3.7 eV PL intensity vs specific surface area of the samples.

From our results different kinds of PL activity may be
discriminated and ascribed to distinct emitting sites:the
3.7 eV PL[a-PL] excited at 5.5 eV with 4 ns of lifetime,
observed in the sample treated B 650 °C; (b) the less
stable emissions at 2.9 and 3.8 fd/PL], the former excited
at 5 and 6 eV, the latter between 6 and 7 eV, both with about
4 ns of lifetime;(c) the emission at 4.2 e\t-PL] with 8 ns
of lifetime and a single excitation channel at 6.5 eV.

None of these PL activity matches known emissions of
bulk silica. Indeed, PL in bulk silica usually arises from dop-
ing or radiation damagk!® whereas pure stoichiometric
silica does not show any PL. In our samples impurity content
is negligible and no UV PL is indeed observed after com-
plete sintering. So, intrinsic defects with “exotic” geometry
(not typical of glassy silicaare responsible for this PL. Their
possible features will now be discussed.

The 3.7 eV band is quite similar to the emission ob-
served at 3.3-3.7 eV in OPS by exciting in the range 4.0-5.5
eV 8 Different attributions were proposed;) small silicon
clusters® consisting of Si sites surrounded by four adjacent
silicon atoms sharing one electroE { centej* or two elec-
trons (after radiative annihilation oE%);” (i) ODCs similar
to bulk defects of Sigh® (as O—Si—O sitésin the oxide at
the interface of Si nanoclusters. However, the relatively fast
PL decay kinetics(few ng—never measured before the

(treated at 450 °C)(b) excitation spectra of PL at 2.9 and 3.7 in the same present work—differentiates a-PL from emissions due to

sample.

ODC in glassy silica, which always show a long-livéD—
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1000us) component B-like PL).! Alternative models should ability by a factor of 16— 1. Different attributions should
thus be looked for. be considered.

The dependence of PL intensity on the specific surface  With regard to c-PL, this emission does not possess a
indicates that a-PL is related to surface emitting centers ofounterpart in glassy silica. Data regarding b-PL and c-PL in
the oxide. Moreover, the spectral position of a-PL is unaf-porous silica were never reported, probably because of its
fected by changes of SO-Silinkage geometry as revealed high excitation energy. Our results suggest assigning these
by Raman spectroscopy. Therefore, a-PL may be assigned &tivities to diamagnetic centers.
emitting centers localized at the surface of the oxide and In summary, the detailed map of the UV PL of porous
with nonbonding apical-like geometry. The closeness of thesilica has been reported, showing the presence of the UV PL
5.5 eV excitation band with the well knowi!, and El’g ab- observed in OPS and SNS and clarifying excitation and de-
sorption bands at 5.8 and 5.4 eV, respecti\}éﬁ/might sug- cay features previously unreported. It was also found that the
gest the attribution to a surface api&l-like center. Apical UV PL intensity can be controlled by changing the material
E’ centers are threefold coordinated silicon sites with arsurface area. Assignments to specific defects have been dis-
unpaired electron in ap® Si orbital, as definitely demon- cussed, suggesting the attribution of a-PL to apical-like sur-
strated by EPR studiés.Although E’ centers are character- face centers, distinct fror’ sites. A revision of previous
ized by a well assessed experimental lack of any PL emiseonjectures on the origin of UV PL of porous silica should
sion in bulk silical!! recent theoretical calculatiolfs be considered.
suggest surface variants of the’ center might decay o ) )
through radiative transitions. We controlled this possibility ~ 1he authors thank G. Pacchioni, L. Skuja, and G. Spi-
by looking for the EPR fingerprint of the'-like center. No nc_)Io_ for vgluable discussions. This work Wa_s performed
signal was observed above the detection limit, although th&/ithin @ project supported by MURST of the Italian Govern-
area below the 5.5 eV optical absorption band indicates thaf'€nt: Measurements at HASYLAB laboratori¢BESY)
the concentration of the responsible defects is relatively higi'ere carried out under EC Project No. |-97-18.

(taking the oscillator strength value of tl&€ center to be

about 0.1} Therefore, assignments K -like structures are  *L. Skuja, J. Non-Cryst. Solidg39, 16 (1998.

to be ruled out, as well as attributions to ODC of bulk silica, zB- Poumellec and F. Kherbouche, J. Phys 6lI1595(1996.

as suggested by the peculiaiies of the excitation pattern andy, \arerer L WM S0, L
PL lifetimes described above. Ohki, J. Appl. Phys80, 3513(1996.

Much more than a-PL, the spectral features of béBy. ~ °H. Z. Song, X. M. Bao, N. S. Li, and X. L. Wu, Appl. Phys. LeT, 356
supposing for simplicity a single origin of the 2.9 and 3.8 eV Gggg& n 3 Lin 3.0.D 4G. 0. Yao. Anol. Phys. Lest 1689
PL band$ might slightly resemble the well knowa—g PL (1'9969'“ +Hin, J. Q. Duan, and G. Q. Yao, Appl. Phys. Leg.
pattern of ODC in glassy SiQ where emissions are ob- 7K. Kkim, M. S. Suh, T. S. Kim, C. J. Youn, E. K. Suh, Y. J. Shin, K. B.
served at 3.1 and 4.2 eV, the former excited at 3.7 and 5 eV Lee, H. J. Lee, M. H. An, H. J. Lee, and H. Ryu, Appl. Phys. L68,
while the latter is at 5 e\neglecting high energy excitation ,3908(1996. y

1.13-15 . . I. E. Tyschenko, L. Rebohle, R. A. Yankov, W. Skorupa, A. Misiuk, and
channels™ The shift of PLE energie¢from 3.7 and 5 G. A. Kachurin, J. Lumin80, 229 (1999.
eV to 5 and 6 eV coming from glassy to porous siliogight 9F. L. Galeener, Phys. Rev. B9, 4292(1979.
be consistent with theoretical calculatidhsvhich showed —’L. Sklga; J. Non-Céyst- Sogd$49, 77 (égg&gg
that ODC uiansiion energies should decrease by increasiigy e, Corem e e o0ooh
the mean StO—Siangle in the network. But the lifetimes of  (199g
2.9 and 3.8 eV PL are in the ns domain, wher&1 PL in  3F. Meinardi and A. Paleari, Phys. Rev.38, 3511(1998.
glassy SiQ has a long lifetimeglabout 100,%5).1 This large 144, Nishikawa, E. Watanabe, D. lto, and Y. Ohki, Phys. Rev. L&R,.
d.ifference s indee.d difficult to justify within this analogy 152Mlol\j§t?r34F Meinardi, A. Paleari, G. Spinolo, and A. Vedda, Phys. Rev.
since changes of linkage geometry, such as those suggestef] 57 3718(1998.
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