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Luminescenceandoptical propertiesof siloxene
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P. Deak
Max-Planck-Institutfür Festkorperforschung,Heisenbergstrafie1, 70569 Stuttgart, Germany

We review theopticalandluminescencepropertiesof siloxene(Si
6O3H6).The preparationandbasicstructuralpropertiesof

siloxenearedescribed,andtheoreticalresultsconcerningoptical transitionsin differentmodificationsof siloxenearediscussed.
Thedominantstructuralbuilding blocksin as-preparedsiloxenearetwo-dimensionalSi planeswhichgive rise to a direct band
gapin thevisibleenergyrange.Theopticalpropertiesof annealedsiloxeneoriginatefromisolatedSi6 rings whichact asradiative
recombinationcenters.The luminescenceof annealedsiloxeneand poroussilicon arecomparedin detail.In particular,new
experimentalresultsbasedon optically detectedmagneticresonanceprovidemicroscopicinformationaboutradiativestatesin
porousSi which is incompatiblewith theconventionalquantumconfinementmodel.

1. Introduction and annealed siloxene. In the meantime,we have
performeda much more detailedinvestigationof

Siloxene (Si6O3H6) is one of the few silicon- mostaspectsof optical processesin bothporousSi
basedmaterialswhich show strongphotolumines- and siloxene,which will be presentedbelow. Our
cenceevenat room temperature.Although already resultsprovidefurther strongevidencefor the hy-
discoveredas early as 1863 by Wöhler [1], up to pothesisthat radiativecentersin annealedsiloxene
now only a few groupshavestudiedin detail differ- are identical to thosein porousSi, despiterecent
ent propertiesof siloxeneor its derivatives[2—6]. criticism based mainly on indirect structural
Early investigationshavemainly concentratedon arguments[9,10].
the preparationandchemicalaspectsof siloxene,
with only little quantitativeinformation aboutop-
tical properties[2,3]. A structuralinvestigationof 2. Preparation and structural properties of siloxene
siloxenewasperformedby Weisset al. in 1979 [4]
using X-ray diffraction. Finally, in two short Following therecipegivenby Wöhler,siloxeneis
articlesthe groupof Morigaki at the University of preparedvia a topochemicalreactionstarting from
Tokyo has publishedmore detailed results con- metallicCaSi2.CaSi2is obtainedfrom a hightem-
cerningthe structure,absorptionandluminescence perature(T~ 800°C)reactionbetweenSi and Ca
of as-preparedandannealedsiloxene [5,6]. and consists of alternatinglayers of Ca (mono-

Renewedinterest in siloxeneand relatedcom- layers) and Si (double layers).Commercial(tech-
poundswasgeneratedby our suggestionthat this nical grade)CaSi2 containsa certain fraction of
classof materialsmay also be responsiblefor the silicon crystallitesandit hasbeenarguedthat these
strongvisible luminescencein poroussilicon [7,8]. crystallitesare mainly responsiblefor the optical
Thisproposalwasbasedon a comparisonof vibra- propertiesof siloxene preparedfrom CaSi2 [11].
tional and luminescencespectraof poroussilicon However,it is also possibleto growepitaxialCaSi2

layerson Si (111)surfaceswhich donotcontainany

Correspondenceto: Dr. M. Stutzmann,Max-Planck-lnstitutfür noticeableamountof Si crystallites [12], butafter
Festköperforschung,Heisenbergstral3e1, 70569 Stuttgart, chemicaltransformationstill showthesameoptical
Germany. and luminescencepropertiesas siloxeneobtained
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from commercialCaSi2.Therefore,spuriouscontri- Theidealizedstructureof stoichiometriccrystal-
butionsof Si microcrystalsto the optical spectraof line siloxeneis shown in Fig. 2 (left). The Si double
siloxenediscussedbelow canbe safelyexcluded, layerspresentin the parentCaSi2 crystal remain

Forthe preparationof siloxene,(poly) crystalline essentiallyintact, with the intercalatedCa layers
CaSi2is exposedto aqueousHCI at 0°Cfor several replacedby dissociatedwater molecules.One side
hoursin theabsenceof UV light andambientgases. of the Si double layer is passivatedby hydrogen,
The ensuing reactionremovesthe calcium layers whereasthe oppositeside is passivatedby OH
via formation of CaC12. The remaining double radicals.The overall stoichiometryis Si6O3H6,as
layers of Si are passivatedby hydrogen and/or corroboratedby a quantitativechemicalanalysis.
hydroxyl radicalsasshownschematicallyin Fig. 1. Passivateddouble layers are stackedupon each
Dependingon the details of the reactionprocess, other to form the three-dimensionalsiloxene
two forms of siloxenecan be obtained[1,2]: crystal. X-ray diffraction studies performed on
— Kautsky siloxene,which comes closest to the siloxenecrystals[4] or powders[8] show that the

ideal structureshownbelow,but is very reactive Si—Si bonding distancewithin a double layer is
in the presenceof air, and essentially preserved,whereasthe layer-to-layer
Wöhlersiloxene,which constitutesa less-ordered spacingis about6.2 A, much largerthan in crystal-
conformationof siloxene. Wöhler siloxenehas line silicon. The presenceof OH and H as bond
approximately the same stoichiometry and terminatorscan be deducedunambiguouslyfrom
bondingconfigurationsas Kautskysiloxene,but the infrared absorption spectra of as-prepared
is more inert to ambient gasesdue to a yet siloxene[8,13]. In addition,X-ray absorptionfine
unknown surface passivation of the siloxene structurespectra as well as infrared absorption
crystallites. data indicate the presenceof certain amountsof

Becauseit is much easierto handle, most of the Si and SiO2 precipitates.
experimental results presentedbelow pertain to Whenas-preparedsiloxeneis heatedin ambient
Wöhler siloxene. atmosphere,the two-dimensionalSi double layers

are destroyedby insertionof oxygenatoms.Thisis
an exothermic processoccurring spontaneously
upon thermal or optical excitation and resulting

y~
eventually in the idealized structure shown in
Fig.2 (right). There,sixfold silicon ringsareconnec-
ted via oxygen bridges,with the remainingsilicon

Si603 H6 bondsterminatedby hydrogen.Quantumchemical
calculations indicate that this structure is the
lowest energy configuration of stoichiometric
siloxene.This structurecanbe obtainedfrom that
shownin Fig. 2 (left) by insertionof oxygen atoms
from OH radicals into the Si doublelayers. Such

E~Dcil.D c s’ a reaction occurs at temperaturesabove~ 200°C
~ 2 andcan be followed by correspondingchangesin

~ the infraredabsorptionspectra[8]. Detailedstud-
ies of the structuraland vibrational propertiesof
annealedsiloxenehaveshownthat this materialis

bestdescribedasan amorphous,substoichiometric
Si:O:H alloy [5,8,13]. Loss of long-rangeorder
occursmainly by randomoxygeninsertion,hydro-

Fig. I. Schematicview of thepreparationof siloxene(Si6O3H6) . . .gen lossandcross-linkingof adjacentSi planesby
from CaSi2. Si andCa atomsare indicatedby small and large . .

opencircles,respectively,and0 andH atomsby hatchedcircles oxygen bridgescausedby over-oxidation. In par-
and small full circles, respectively. ticular, the vibrational spectroscopydatasuggest
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Fig. 2. Atomic structureof as-prepared(left side)and annealedsiloxene(right side). Both side viewsand top views areshown.

that, for annealing temperaturesbelow 400°C, arrangementof silicon atomsshouldhavea direct
annealedsiloxene still maintains a considerable bandgapof the orderof 1.5 to 2.7eV, dependingon
fraction of the Si backbone structure present the computationalmethodemployed[14,15]. The
in as-preparedsamples(sixfold silicon rings), possibility of strongdirect optical transitionsin an

orderedsilicon-basedmaterialisauniquefeatureof
as-preparedsiloxene,andcertainlydeservesfurther

3. Optical properties attentionin the future. Upon destructionof the Si
planesby insertion of oxygen,the band structure

Comparedto crystallineSi with its indirect gap changesagainbackto that of an indirect semicon-
at 1.1 eV and the first direct gap at 3.4eV, the ductor. The structural unit important for the op-
optical propertiesof siloxenearequite differentand tical propertiesof annealed,oxidized siloxeneare
dependstrongly on the detailedbondingand oxi- isolated Si6 rings separatedfrom one anotherby
dation state. Theoretical investigations indicate bridgingoxygen atoms(cf. Fig. 2 (right)). Optical
that as-preparedsiloxenewith a two-dimensional excitation of such Si6 rings is expectedto occur
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most efficiently via the lowest direct transition in top of the valence band and the bottom of the
the vicinity of 4 eV. Further details of the band conduction band at the centerof the two-dimen-
structureof stoichiometricsiloxene (Si6O3H6) are sionalBrioullin zone.Thetopof the valencebandis
shown in Fig. 3, both for the Si plane structure formed by r-bondsbetweenSi p~andp~-orbitals,
(cf. Fig. 2 (left)) and for the 5i6-ring conformation whereasthe bottom the conductionband is con-
(Fig. 2 (right)). Since the latter siloxene structure structedout of it-bonds betweenthe sameatomic
will beof particularimportancefor thecomparison orbitals. Towardsthe edgesof the Brillouin zone,
with porousSi, we also show in Fig. 4 a schematic theseit-bondedorbitalsof theSi6 ringsarereplaced
view of the electronicwave functionsforming the by antibondings*~orbitals.

A particularfeatureof siloxenein the ringconfig-

uration is the sensitivity of the lowest optical
transition energies to the nature of the ligands

eV eV
connectedto the silicon atomsforming a Si6 ring.

onehydrogenatom (seeFig. 2 (right)). The hydro-bondedto oneoxygenatom,two silicon atoms,and6 : In stoichiometric siloxene, each silicon atom is

be replacedby othermonovalentradicals,such as

: structuralimportance.Therefore,eachH atom can: genatomsonly serveasabond terminationwithno2 ~ring Cl, NH2, OH, etc. Stronglyelectronegativeligandsorbitals of the rings and thus reducethe bond--2 1 such as OH extractelectronicdensityfrom the Si- ing—antibondingsplitting betweenthe top of thevalence band and the bottom of the conductionM ~ F K M 1 K band.Indeed,it is found in computersimulations
that furtheroxidationof Si6 ringsby bondtermina-

Fig. 3. Electronic band structureof the two-dimensionalSi
tion with OH groupsor by cross-linkingof adjac-

planesin as-preparedsiloxene(left) and of a periodicarrayof
isolatedSi6-rings in idealizedannealedsiloxene(right). ent rings via oxygen bridgeswill reducethe band

gapof siloxenein six discretestepsfrom approxim-
ately 3eV to about1.5eV [2,14].

In Fig. 5, we have summarized the experi-
mentally observedfundamentaloptical properties
of as-preparedsiloxeneat 300 K andat low temper-

atures.Most remarkableis thestrongluminescenceO~()in the green to blue spectralrange(~2.4eV)inaccordancewith the theoretical prediction ofa dipole-alloweddirect gap for the two-dimen-

sional Si planes. Excitation of the luminescence
occurs most effectivelyin a narrow bandcentered
around2.5eV (Fig. 5(b)). The spectralposition of~tcjc~~~J this band also coincideswith the onsetof absorp-
tion as shown in Fig. 4(c). At low temperatures,
both the luminescenceexcitation and the optical
absorptionspectrashift to higherenergiesby about

Fig. 4. ~- and it-bonded combinationsof the Si 3p-orbitals 0.1eV. The coincidence of optical absorption,
forming the top of the valence band and the bottom of the luminescenceexcitationandluminescencein a rela-
conductionbandof stoichiometricsiloxenein theSi6-ring con-
figuration. Shown are two adjacentSi rings togetherwith one tively narrow energy window between 2.3 and

bridging oxygen atom. 2.6eV suggestsan excitonic natureof the lowest
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Fig. 5. Luminescence spectra (a), luminescence excitation photoluminescence(PL) and luminescenceexcitation spectra
spectra(b) and optical absorptionspectra(c) of as-prepared (PLE).
Wöhlersiloxeneat 300K (solid curves)andatlow temperatures
(dashedcurves,5 and 77 K) as afunction of photonenergy.

4. Luminescencein siloxeneand porous silicon
optical transitions.This conclusion is further cor-
roboratedby the observationof distinct triplet—ex- We now turn to the most interesting optical
citon featuresin optically detectedmagneticreson- property of siloxene, namely its strong visible
ance(ODMR, seealso below), luminescence.In the following section, we shall

The pronouncedchangesin the optical proper- describe various characteristic features of this
tiesof siloxeneproducedby thermalannealingare luminescenceandcomparethem to corresponding
shown in Fig. 6. Whereasas-preparedsiloxene, propertiesof poroussilicon. Ouraim is to provide
which consistsmainly of Si planes,absorbsin the a brief overview over radiative recombinationin
blue andluminescesin the green,the partially oxi- siloxeneandsiloxenederivatives,but also to show
dizedSi6 rings characteristicfor annealedsiloxene to what extent features of the luminescencein
absorbandluminescein the red.Notealso that the siloxeneandporousSi agree,in order to give addi-
luminescenceexcitation of annealedsiloxene oc- tional evidencefor our earlier claim that certain
cursmost efficiently around 3.5 eV, Theseoptical siloxenederivativesare the structuralorigin of vis-
propertiesof annealedsiloxeneare consistentwith ible room temperatureluminescencein porousSi.

the indirectnatureof theSi6 ringbandgapin Fig. 3. First, we pre’sentin Fig. 7 acomparisonbetween
Luminescenceandthe onsetof absorptionarecx- the luminescencespectraof as-preparedand an-
pectedat the lowest(indirect)gap.Ontheotherhand, nealedsiloxeneas well as threedifferent porousSi
efficient luminescenceexcitation should occur at samples.All spectrawere recordedat 300 K under
energiesbetween3.5and4eV,wheredirect optical identical conditions, and only the intensity scale
transitionswithin individual Si6 rings are possible. was normalized.This normalizationis necessary
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becausethe emissionintensityof typical porousSi siloxene rather than in the ordered two-dimen-
samplesmayvary by morethanoneorder of mag- sionalSi planespresentin as-preparedsiloxene.
nitude, and also becausethermal annealingof As shownin Fig. 8, the luminescenceintensity in
siloxenecreatesa large densityof Si-relatedcoor- as-preparedandin annealedsiloxene is essentially
dination defects (dangling bonds), which act as proportional to the excitation intensity over six
non-radiativerecombinationcentersand strongly ordersof magnitude.Thisobservationis valid both
quenchthe luminescenceat 300K. Estimatedcx- at 77 andat 300K, indicating that radiativerecom-
ternalquantumefficienciesfor the samplesshown binationoccurs mainly from geminatepairsandis
in Fig. 7 are between 1 and 20%. We note that little affected by bimolecularor Auger recombina-
annealedsiloxene radiates in the samespectral tion processes.The sameobservationalsoholdsfor
rangeas porousSi, namely600—850nm, with long porous Si [16]. In addition, one can see from
tails extending up to 500nm and deep into the Fig. 8 that the luminescenceintensity increasesby
infrared region. The large width of the lumines- aboutone order of magnitudeupon cooling from
cencebandin annealedsiloxenecomparedto por-
ousSi ismost likely dueto structuralinhomogenei-
ties (different degreesof oxidation of Si6 rings). I I I

As-preparedsiloxene,on the other hand,has its 108 - Wähler Siloxene ° - -

maximumemissionin the vicinity of 520nm, with as prepared ,.~‘ -\

verylittle intensity in the redspectralregionchar- L =442nm o V slope1
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Fig. 7. Photoluminescencespectra of as-preparedsiloxene, wavelengthandtheluminescencemonitor wavelength,respect-
siloxeneannealedat 400°Cand threedifferent poroussilicon ively. Solid andopensymbolsreferto luminescenceat 77 andat

samples. 300K, respectively.
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300K to 77K. As discussedin detail by Rosenbauer exponentialdecaywhich becomesfasterwith shor-
et al. in the presentvolume [17], the temperature ter wavelengthsmonitored [18,19]. In porous Si,
dependenceof the luminescenceboth in porousSi the characteristicdecay timesfor the majority of
andin siloxeneis well describedby the relation the radiativestatesis about1 ms at 4K and0.1 ms

at 300K. Accordingto Fig. 9, quitesimilar lifetimes
10 1 + exp(T/T0) (1) are observedin annealedsiloxene (1 ms and 10 ~.ss,

1(T) =

respectively).The shorterluminescencedecaytime
with a characteristictemperatureT0 between50 at room temperaturein annealedsiloxeneis most
and 100K. likely dueto the fasternon-radiativequenchingof

Time-resolveddecaycurvesof the luminescence the luminescencecausedby the veryhigh densityof
intensity following excitation with a short laser defect states(~1018 cm— 3), Even shorterlifetimes
pulseare depictedin Fig. 9. A characteristicfeature (in the ns regime) havebeenobservedin as-pre-
observedin porousSi aswell asin siloxeneis anon- pared siloxene [6,20]. More details concerning

time-resolvedluminescencemeasurementsin por-
ous Si and siloxene are presentedby Finkbeiner

1 _____________________________________ et al. in this volume [19].I I In Fig. 6, we havealreadyshownphotolumines-

Wöhler Siloxene cenceexcitation (PLE) spectraof siloxene in the

400 C) T 300K as-preparedandthe annealedstate.In Fig. 10, we10-1 _\‘. (ann.
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Fig.9. Transientdecaysoftheluminescencein annealedWöhler Different curves in (b) correspondto different luminescence
siloxene at 300K (a) and at 4.2 K (b). Different curveswere monitor energiesas indicated in the figure. Note the semi-
obtainedby monitoringtheindicatedluminescencewavelengths, logarithmic plot in (b).
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presentmoredetails concerningPLE in annealed I
siloxene and in porous Si. Fig. 10(a) depicts the
roomtemperatureluminescencespectraof the sam- ~

pleswhosePLE spectraarecomparedin Fig. 10(b)
[21]. Again we seea very closeagreementbetween
spectrarecordedin poroussilicon andin annealed
siloxeneat the same luminescencewavelength.In
addition, the semilogarithmic plot in Fig. 10(b)
indicates that the low-energy end of the PLE
spectrain all samplesdecayswith an exponential por-Si(MPI).6tail, the slopeparameterdlnt~/dhvof which is typi-

cally 200meV (,~is PLE quantum yield, hv is ~ 4.2K
photonenergy).This exponentialtail occursin the

Z X Onmsameenergyrange (2—2.5eV) as the optical gap
of annealedsiloxene (cf. Fig. 6) and is indicative E~5
for excitation of luminescenceby absorption in del>

55 por-Si
a substoichiometricSi—O alloy.

The discussionof the luminescencepropertiesof 0
annealedsiloxenegivensofar indeedprovidesa lot
of indirect evidencefor our suggestionthat porous

scopicinformationdirectly relatedto theelectronic ~~~a-Si:~
1 ~Si andannealedsiloxeneexhibit a commonstruc-tural origin of visible luminescence,e.g. Si6 rings.A proof of this hypothesisrequires clear micro- WOHLER SILOXENE

ANNEALED 400°Cwave functions from which radiative recombina- I I I

tion occurs.Theonly methodcapableof providing 300 1300 2300 3300 4300

such information is ODMR, in which changesof MAGNETIC FIELD (G)
the luminescenceintensity producedby resonant

Fig. 11. Optically detected magnetic resonance (ODMR)
spin—flip transitionsare monitored.A detailedde- spectraof different porous silicon samplesand of annealed

scription of this techniqueis certainlybeyondthe siloxeneat4.2 K. ~ and~ arethelaserexcitationwavelength

scopeof the present review, and the interested andthedetectorcutoff wavelength,respectively.
readeris referredto the relevantliterature.Also, we
will only describethe most basic resultsof our bothelectronicspins(electronandhole)forming
recent ODMR investigation in porous Si and the radiant triplet exciton. The integrateden-
siloxene, with many details left for forthcoming hancementof the luminescencedue to micro-
publications[22]. wave-inducedtriplet exciton spin—flips is typi-

Webegin by showingin Fig. 11 ODMR spectra cally of the order of 10% at 4.2K. This large
obtainedfromdifferentporousSi samplesandfrom effect ensuresthat our ODMR measurementsin
annealed siloxene under identical experimental fact are sensitiveto the majority of all radiative
conditions. The characteristic features of these transitionsinporousSi andsiloxene,ratherthan
spectraare representinga small subset of all possible
— A broadenhancingsignal(i.e. a resonantincrease transitions. The g-value of the triplet exciton

of the luminescenceintensity)at magneticfields calculatedas half the g-value of the forbidden
around3300Gdueto triplet excitons.Proof for tsm = 2 transitionis g = 2.01 both in porousSi
the existenceof triplet excitonscomesfrom the and in annealedsiloxene.Indirect evidencefor
sharperresonanceline at exactly half the mag- triplet excitonsin porousSi has previouslybeen
neticfield (1650 G) dueto the (forbidden)simul- deducedfrom the temperaturedependenceof the
taneous spin—flip transition (Am. = 2) of luminescencelifetime [24].
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— A sharp quenching signal (decreaseof the 1000 I 3
luminescenceintensity) at about 3350G (g = - ODMR 4.2 K Xex=457nm
2.005) due to resonance-inducednon-radiative
recombination at structural defects (dangling D -

bonds).Notethat this signalis relativelystronger • No por I
in annealedsiloxenebecauseof thelargerdensity < - No. 7 W

A from amorphous Si - 3.5 0
of such defects.Moredetailsconcerningthis de- u_, - • stain-etched / Z

fect-relatedsignalhavebeenpublishedelsewhere _i // 0Si

[23]. 500 ~. ~- ~

— PorousSi samplespreparedand measuredon ~ - 4 ~
crystallineSi substratesalwaysexhibit a broad
backgroundsignal with some structurearound . -‘i-~~ - 0
1000G dueto microwave-inducedcyclotronres- Siloxene
onancein the substrate.This resonanceinfluen- ~ - : H x asprepared- 5 ~
cesthe luminescenceintensity only indirectly via ~ - a I. ° - 6
thermalheatingof the substrate,andcanappear & aged - 7
asanenhancingor asaquenchingsignaldepend- 0 I I

ing on whetherthe temperaturecoefficientdI/dT 1 1.5 2 2.5
of the porouslayer is positive or negative.This FILTER CUTOFF (eV)
backgroundis obviouslyabsentin siloxene.
For an understandingof the origin of lumines- Fig. 12. Compilation of triplet exciton ODMR linewidths in

porousSi samples(closedsymbols),as-preparedsiloxene(cross-
cencein porousSi, the most interestingfeatureof es), annealedsiloxene(open symbols)and amorphoushydro-

the ODMR spectrain Fig. 11 is the broadenhanc- genatedSi (a-Si:H, star) at 4.2K as a function of thecutoff
ing resonanceof the triplet excitons.The width of energyof theluminescencedetector.

this line, which is directly relatedto the effective
radiusof thetriplet exciton(either viadipolar or via . . . .

two spins forming the triplet state in an isotropic
exchange interaction), is plotted in Fig. 12 as . . .

samplegivesrise to a Pakedoubletwith a splitting
a function of the cutoff energyof the optical filter
(low pass) used for the ODMR experiments.We AH~g~

5/r
3, (2)

canseefrom Fig. 12 that in all porousSi samples
this width is about 500G, irrespective of the where j~ is the Bohr magnetonand r is the
monitored photonenergy or of the method em- spin—spin distance.The broadenhancingline in
ployed for the preparationof the porousSi layer. porousSi aswell asin annealedsiloxenecanbewell
Also, asimilar width is seenin annealedsiloxene, fitted by such a Pake doublet convoluted with
especiallyafteragingin air. In contrast,theODMR a Gaussianbroadeningfunction of about 70G
line width andthespectralshapearequitedifferent width. Irrespectiveof the detailedline shapeana-
in as-preparedsiloxeneor,for example,in amorph- lysis,onecanstatequalitatively that the variation
ousSi. in the excitonic radius r necessaryto producethe

An importantconsequenceof theODMR results observedvariation in the luminescenceenergy in
in Fig. 12 is that the largeluminescenceline width the context of the quantum confinementmodel
in porousSi cannotbe dueto a size distribution of shouldhavea very largeeffect on the ODMR line
Si crystallitesor wires, aspostulatedby theconven- width, which is clearly not observed.Second,from
tional quantumconfinementmodel.The width of thecomparisonwith as-preparedsiloxeneandwith
the triplet exciton resonancein ODMR should amorphousSi, we can also excludethe possibility
vary with the excitonicradiusr eitheras r or as that the luminescencein porousSi originatesfrom
exp{(— 2ar)}, depending on whether dipolar a disordereda-Si : H phaseor from the extended
spin—spininteractionor exchangeinteractiondom- two-dimensionalSi planescharacteristicfor as-pre-
mates.Thus,purelydipolarinteractionbetweenthe pared siloxene. Instead, the ODMR data are
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