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Ultraviolet-excited radiative decay channels of defect states in high-density
sixfold-coordinated SiO,
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Optical emissions at 2.1, 2.6, 3.0, and 4.5 eV, excited by synchrotron radiation from 5 to 18 eV, were found
in stishovite, a high-density sixfold-coordinated Sifolymorph. Luminescence and lifetime data were ana-
lyzed from 10 to 300 K showing a transition scheme distinct from that of silica, despite some similarities in the
spectral positions. The results give a basis for the study of defect structures in sixfold-coordinajed SiO
environments, for theoretical calculations of the optical response of high-density &@ for a microfluo-
rescence identification of geologic stishovite.
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. INTRODUCTION ciple occur in silica as locally stabilized Si@olymorphs.
Sixfold coordinated complexes have been recently proposed
Stishovite is peculiar among the natural polymorphs ofto occur in amorphous SiQ(Ref. 13 on the basis of simi-
silicon dioxide for its sixfold-coordinated bonding structure. larities between the photoluminescenc®4) of silica and
Other oxides of IV-group atoms show sixfold coordination: it the cathodoluminescence in rutilelike Ge@nd SiQ.13-1°
is the stable bonding structure of Spi@ the cassiterite form  This conjecture is alternative to more generally agreed attri-
and in rutile GeQ@. By contrast, the typical bonding structure butions of the vacuum-UV excited silica PL to oxygen-
of silicon dioxide is tetrahedral, prototypes being quartz andleficient point defects in the tetrahedrally coordinated,SiO
silica. Sixfold coordination is not easily sustained in SiO netWO”f-lG_ls However, no exhaustive experimental data on
and high pressure is required to stabilize the stishovitdhe optical properties of stishovite near its energy-band gap
structuré? as well as other related high-density phases rehas yet been collected, to our knowledge. Aim of the present
cently synthesizedi® Indeed, natural stishovite is mainly WOrk is to identify the subband gap optical activity of stisho-
found in meteor impact craters but, after the discovery ofit€ in the excitation region near and above the energy gap.
stishovite by Stishov and PopoYaeveral studies were car- Asa resu_lt, a direct expenmer_ﬂgl ba§|s IS given tp_ d|§cuss the
ried out on the synthesis and phase stability of high—presswré.)Ie of sixfold-coordinated silicon in the stabilization of
forms of SiG for the important implications in geophysics high-energy excitation channels of point defects in silica as
. . porte plicatl geophy well as to verifyab initio calculationd®2* of the intrinsic
as possible S'.er?.e phase in the egrths mantle. Neverthe— roperties of the prototype of high-density Siphases.
less, other scientific and technological areas are potentlallf/)
interested in high-pressure polymorphs of gi&s model
systems where the silicon coordination is far from the more
stable tetrahedral bonding structure of silica: deviations from High-pressure synthesis of stishovite was carried out
the average fourfold coordination, mainly as point defectsstarting from quartz powder and applying a pressure of 9
play an important role in many optical applications of silica, GPa at 1170 K in a Walker-type multianvil appar&fusm-
and the attribution of the optical extrinsic features due toploying tungsten carbide cubes of 32-mm edge length. Pres-
optically active point defects are currently being deb&téd. sure cells were made of MgO octahedcantaining 5 wt %
This field of investigation was becoming more and moreof Cr,O3) with a 25-mm edge length. Assemblies were com-
important in the last decade with the discovery of an increasposed of a straight graphite heater, MgO spacers, and axial
ing number of possible applications of silica-basedthermocouple(Pt-Pt90Rh10S type) insulated by a mullite
material$$~1% in photorefractive writing, Raman amplifica- ceramic and placed in direct contact with the Pt capsule.
tion, vacuum ultraviolet(UV) photolithography, nonlinear Graphite discs on both ends of the assembly provided elec-
optical applications, and quantum dots in glass. In these petrical contact with the WC cubes. Pressure calibration was
spectives, the knowledge of the optical features of highperformed both at room temperature and 1273 K, using
density polymorphs of silicon dioxide may play a key role in phase transitions of known materials. Final accuracy of pres-
understanding physical processes involving silica coordinasure was estimated to he4%. Temperature uncertainty at
tion defects. Indeed, although no sixfold-coordinated amorhigh temperature was 20 K. Final powder samples were
phous form of covalent oxides is known, consistent with thefirst characterized by X-ray powder diffraction on a Philips
continuous random network model of a glas¥ point de-  APD 1000 diffractometer and by Raman analysis, by means
fects belonging to overcoordinated complexes might in prin-of a spectrometefLabram Dilorg with excitation at 488 and
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energies in stishovite. Data are normalized and vertically shifted for

FIG. 1. (a) Raman spectrurfplasma ling and (b) x-ray diffrac- clarity.
tion of the synthetic stishovite powder samples. Inset: Raman spec-

trum of & coesite reference sample. the excitation energy is summarized by the three-

. _ dimensional(3D) plot in Fig. 2. Emissions are observed at
633 nm and resolution of 1 cmi. A reference sample of 51 55 30 and 4.5 eV. The excitation pattern shows two
coesite was also synthesized at lower pressure. PL measule=:i structures at 6—7 and 9—14 eV. The low-energy excita-

ments were carried out by employing synchrotron radiationjo, strycture pertains to the emissions at 2.6 and 3 eV only.
at the SUPERLUMI experimental station of HASYLAB at |ngteaqd, the higher-energy portion of the excitation pattern is

DESY (Hamburg, Germany in the temperature range be- .o nmon to all emissions, although with some differences
tween 9 and 300 K. The excitation spectral bandwidth WaSsee Fig. 3

0.3 nm. Photoluminescence excitati?LE) and PL signals .
were detected by a charge-coupled device camera with 3 naLF

of emission bandwidth. Data were corrected for the spectr ecay processes characterize the PL bands centered at 2.1,
dependence of the excitation intensity. Time-resolved Me3 6 and 3.0 eV with lifetime of few nanoseconds. when
surements in the nanosecond domain were carried out with & iteq in the extended high-energy excitation region above
time window of 300 ns and 0.8 ns of excitation pulse dura-9 eV. The UV emission at 4.5 eV has instead a very slow
tion. Slow PL lifetimes were measured by chopping the eX-jecay the lifetime being about 98s. Excitation below 8 eV

citation with a time window of 80 or 16fs and 5 or 1Qus g6 rise to slow emission decays of the PL bands at 2.6 and
of pulse rise time, respectively. 30eV.

Time-resolved PL measurements show two distinct sets of
etime 7p, values(summarized in Table)] fast radiative

The kind of excitation channel, at low or high energy, also
. RESULTS influences the temperature dependence of PL intensity. Fig-
ure 4 shows PL spectra for two representative excitation en-
Figure 1a) shows the Raman-scattering spectrum of thegrgies with their respective temperature dependence. In the
investigated sample, showing the expedsegl, Eq, andA;;  |ow excitation energy region, the radiative decay is thermally
vibrational modes at about 230, 590, and 750 ¢ii26]. No  assisted, with a maximum at 200 K, whereas it decreases by

other SiQ phase is detectable, specifically coesite whichincreasing the temperature by exciting above 9 eV.
should give an intense narrow peak at 520 ¢ntsee inset

Confirmation of a substantially complete phase transforma-
tion in stishovite comes from x-ray diffractiofKRD) data IV. DISCUSSION
shown in Fig. 1b), all reflections corresponding to the
stishovite diffraction patterf.

The spectral distribution of PL intensity as a function of

The origin of the UV emission at 4.5 eV appears distinct
from the low-energy PL bands, either as excitation spectrum
or emission lifetime. Its spectral position, not so far from the
onset of interband excitations, suggests an attribution to
band-to-band recombination. The long lifetime would be

S
L
& TABLE I. PL lifetime valuestp, at different emission and ex-
§ citation energiesE.,; andE.,., respectivelyat 10 K. Uncertainty
w is about 10%.
S
% Eemi (ev) Eexc (eVv) TpL (n9
>
. 4.5 10.3 o< 10
3 " s 3.1 10.3 5
Emission Energy (eV) 2.6 103 7
3.0 6.9 2x10*
FIG. 2. (Color onling 3D plot of emission-excitation PL inten- 3.0 5.4 2< 104

sity pattern of stishovite at 190 K.
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£ 1 o initial and final states in each emission, independently of the
|5 .*’;\?**3\ excitation path. Therefore, a change of quantum yigldas
f' S tadnd to be considered, caused by a largely different contribution
o of nonradiative processes with rdtgz. These processes are
E» Oo 75 150 225 less efficient exciting below 8 eV, long lifetimes being ob-
E v, Temperature (K) served in this case. Taking into account that
2 TPL Kgr

Emis?’sion Engrgy (eV)5 7 TR KptKir' @

FIG. 4. Emission spectra at 190 K excited at 10.3(edhtinu-  Wwe can estimate a lower limit forg of the order of 10° s,
ous ling and 7 eV(dashed ling Inset: temperature dependence of typical of a substantially forbidden transition. Excitation be-
normalized PL intensity from 10 to 300 K at 3 eV excited at 10.3low 8 eV is also correlated with a PL yield that increases
eV (filled marks and 7 eV(open marks with the temperature. If the low-energy excitation at 6—7 eV
is an intradefect process, a potential barrier between excited
consistent with a low recombination rate caused by the pardefect states may be responsible for this feature, similar to
ticular symmetries of the wave functions at the edges of thewofold-coordinated(TC) Si sites in silicd8 However, the
valence and conduction bantfs? low-energy excitation region might also arise from electron
By contrast, the thermally activated PL yield of the emis-excitations towards localized states in the low-energy tail of
sions at 2.1, 2.6, and 3 eV appears consistent with an attrthe conduction band, with a thermal activation for the migra-
bution to defect states. The presence of a relatively narrowion and/or trapping in defect sites through hopping mecha-
excitation peak at 9.3 eV at the onset of the band-to-bandisms.
excitations, accompanied by a large Stokes shift, would also By contrast, when the 2.6 and 3 eV emissions are excited
suggest a possible involvement of these emissions in decay the interband transition region, short PL lifetimes are ob-
channels from exciton self-trapping. The excitonic peak ofserved, and a thermal activation of the PL yield is not ob-
quartz is indeed observed at 10.3 €Ref. 21 and gives rise  served any more. In this case, decay channels with trapping
to radiative decay at 2.7 e€V.Following this analogy, stisho- and recombination of electron-hole pairs in defect sites are
vite appears to give rise to a narrower optical gap with reinvolved with a great amount of energy excess to be dissi-
spect to the tetrahedral quartz structure, in qualitative agregsated, the Stokes shift being more than 5 eV. As a conse-
ment with calculation§! guence, nonradiative decay are greatly favored. The effect on
The available data do not allow us to associate all they is described by the expression
low-energy emissions to a single kind of defect. In fact, the
emission at 2.1 eV does not show the low-energy excitation Kg
at 6—-8 eV, observed for the 2.6 and 3 eV emissions, suggest- N=7"70 —EkT..
ing a somehow different origin. The agreement between ex- Krtknge et

citation spectra of the 2.6 and 3 eV emissions instead SUgghereT,,, is an effective temperature, dependent on the ex-
gests an assignment to a single kind of defect. Figure Riiation path, which accounts for phonon excitations within
summarizes a possible scheme of the involved transitiongpe excited defect state during the localization of the excita-
consistent with the present data. Further details of the ing,,, Specifically,T.;; may be very large when a defect site
volved transitions can be obtained by considering the largg, jizes band-to-band excitations. In this case, the denomi-
change of PL lifetime these emissions show, depending oftor in Eq.(2) is dominated by the nonradiatikg rate, kg

the excitation. Within a single-defect description, this featurebemg relatively small, as discussed above. The comparison
cannot be ascribed to a change of radiative transition ratBetweenTpL in the tvx;o excitation regions shows thiats

kr= 7,;1, the transition probability being related to the same__153k_  Such a larae nonradiative rate would also explain
. R - g. . p
why interband excitations above 9 eV do not result in a much

@

CB more intense defect-related PL than that excited at low en-
n ergy.
LS The collected data do not enable the identification of spe-
- cific defect configurations. However, some comments can be
o DS made on a possible role of silicalike defects: the sixfold-
R I @ \ = ©lo QE coordinated structure of stishovite might contain undercoor-
YN o N dinated silicon and oxygen sites such as TC Si sites, unpaired
— I I\/B electron in threefold-coordinated Si siteE’( centerg and
10'ms ns us

nonbridging oxygen(NBO). PossibleE’-like centers were
FIG. 5. Scheme of optical transitiofisith energy values in ey indeed identified by Devirféin irradiated stishovite, and PL
involving conduction and valence ban@B, VB), localized states from TC Ge sites was observed in sixfold-coordinated rutile
(LS), and defect statg®S) in stishovite. Diagonal arrows represent GeQ,. The spectral position of the emissions at 4.5, 2.6-3,
nonradiative decays. Time domains of PL lifetime are also indi-and 2.1 eV might apparently recall some known PL bands in
cated. silica® specifically the singlet-to-singlet 4.2 eV and triplet-
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to-singlet 2.7 eV(3.1 eV in fused natural quajtzmissions However, different defect configurations should also be con-
of TC sites, and the NBO PL band at 1.9 eV. However, sevsidered, as well as interface defects and dislocations possibly
eral important differences should be considef@dthe emis-  occurring in our powder polycrystalline sample.

sions at 4.5 and 2.6-3 eV in stishovite show distinct excita-

tion spectra, whereas a single excitation pattern pertains to

the 4.2 and 2.73.1) eV emissions of silica(ii) the 4.5-eV V. SUMMARY

emission in stishovite has a long lifetime, a factof $bwer
than the lifetime of the 2.6—3 eV PL at the same excitationU
energy(or a factor 10 with respect to the 2.6—3 eV bands

We have obtained spectroscopical and lifetime data on the
V-excited PL of stishovite showing clear-cut differences
. . .—with respect to the known phenomenology of silica. As a
when excited below 8 el whereas the opposite occurs m\;esult, a basis is given to ground theoretical studies on the

erlrﬁ:s\iﬂcl)?lir(ﬁit)htﬁe4ii}livel:r);tsjsrerzliacheazséirc;hc?fnlilr_]?ntzézgi? eaoptical properties of possible silicalike or other type of de-
P P y tfects in stishovite. Furthermore, the picture gives indication

2.6-3 eV in stishovite is the same of that at 4.5 eV by ex- L : : : . .
citing above 9 eV and it changes by exciting below 8 eVOf the intrinsic properties of stishovite, suggesting an optical

where the 4.5 eV band is not observed any more, whereas ap narrower than that in silica, in qualitative agreement
silica the 4.2 and 2.73.1) eV bands are strictly intensity ith theoretical calculations, but about 2—3 eV above the

anticorrelated(iv) the emission at 2.1 eV does not show theorgtical value, cqnsigtent with an expected but previously
L R undefined underestimation.

low-energy excitatiorjalso verified in the red by HeNe laser

excitatior), whereas a quasiresonant excitation at 2.1 eV of
the red 1.9 eV PL of NBO is observed in silica. As a result of

this analysis, blue-green emissions of silica, no matter where
they are excited and despite some apparent spectral similari- The authors thank Stefano Poli for useful discussions.
ties with emissions of stishovite, cannot be straightforwardlyThis work was part of a National Project partially supported
identified with the optical activity of defects in a sixfold by the Italian Government. Experiment at HASYLAB was

coordinated Si@network. The peculiar bonding structure of supported by the IHP-Contract No. HPRI-CT-1999-00040/
stishovite might be responsible for the observed difference2001-00140 of the European Commission.
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