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Transientphotoluminescencedecayin poroussilicon andsiloxene

S. Finkbeiner,J. Weber, M. Rosenbauerand M. Stutzmann
Max-Planck-Institutfur Festkorperforschung,Heisenbergslr.1, 70569Stuttgart, Germany

The photoluminescencedecayafter laser pulseexcitation is studied in poroussilicon andsiloxeneas a function of sample
temperature,detectionwavelength,laser intensity, and pulselength.The time dependencein all samplesis characterizedby
a nonexponentialdecaydirectly afterthelaserexcitationand a single exponentialdecayfor long timesafterthelaserpulse.The
exponentialdecayis identical for theporoussilicon samplesandannealedsiloxeneanddependsonly on detectionwavelength
andsampletemperature.As preparedsiloxeneexhibitsthe samedecaycharacteristics.However, the nonexponentialdecayis
morepronouncedandthesingle exponentialdecayis a factorof 2—5 fastercomparedwith annealedsiloxene.Thedecayof the
photoluminescenceis anotherindicationof theidenticalorigin of thestrongvisible luminescencein porousSi andin annealed
siloxene.

1. Introduction presentresultson the recombinationbehaviorin
por-Si andsiloxeneafter pulsedlaserexcitation.

At presentthereis a vivid discussionaboutthe
origin of the strongvisiblephotoluminescence(PL)
in poroussilicon (por-Si). In essence,two contro- 2. Experimental
versialexplanationshavebeensuggestedand ex-
perimentsareneededto clearlydistinguishbetween In the presentstudy, threedifferently prepared
them. The quantum confinement model [1,2], por-Si samplesand two siloxene powdersamples
whichexplains the increasein the Si bandgapby with different PL spectraare studied.The room
strongquantizationeffectsin small Si particles,is temperature(RT) PL spectraof all samplesare
supportedby the particularetchingconditions[3] shown in Fig. 1. The por-Si samples with PL
andrecentPL investigations[4]. The othergroup maximaat 670 nm(p-por Si) or 700 nm (n-porSi)
of modelsaccountsfor the strongPL by recombi- wereanodicallyetchedwith differentparametersto
nation processesin silicon-basedpolymers(poly- generate a different porosity (p-por Si: Si:B
silane,siloxene,etc.) [5—8]or hydrogensaturated 5—7 acm, ethanoicHF (1: 1, ethanol:50 w/o HF),
Si surfaces[9]. Theevidencefor thesemodelsarises 100 mA/cm2, 30 mm etch time, rinsed in water
mainlyfrom the identicalcharacteristicsof the PL and blown dry in nitrogen gas; n-por Si: Si:P
from por-Si and chemicallysynthesizedpolymers. 10 acm, ethanoicHF (1: 1, ethanol:25 w/o HF),

A detailed investigation of the recombination 25 mA/cm2, 20 mm etch time, rinsed in water
processis important in order to understandthe and blown dry in nitrogen gas). A stain-etched
origin of the strong visible PL. In this paperwe por-Si sample(Si: B 0.6�~cm, 50 w/o HF: 70 w/o

HNO
3 : H20 = 4: 1:3, etch time 4 mm) exhibits

a PL maximumat 680 nm. Siloxenewasprepared
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Fig. 1. Normalizedroom-temperaturePL spectraof the sam-
plesusedin thisinvestigation.Poroussiliconsamples(full lines):
two anodically etched samples with different parameters Fig. 2. Room-temperaturePL decay of a porous Si sample

= 670 and 700 nm), one stain etchedsample (‘~max = = 670 nm) afterpulsedlaserexcitation. Decay curvesare
680 nm). Siloxene samples (broken lines) as prepared givenfor differentdetectionwavelengths.Excitationwavelength:
(‘~max = 530 nm) and annealed (1m~, = 650 urn). Excitation ~ ~

wavelength:457 nm.

(T = 400cC, 10 mm), the PL maximumchangesto 1
650nm.

C/)
The total PL intensityof the anodicallyetched

C
por-Si and the as preparedsiloxene powder are

.1

~~~800flrnVcomparable. The PL intensity for the annealed n ___________siloxene sample and the stain-etchedsample is
750nm 00a factor of 5 smaller at room temperaturecom-
700nm 00

650nm 0pared to the anodically etchedsamplesand as- ~ .01
preparedsiloxene. a) I V 600nm

The argonion laserbeamwasmodulatedby an ° 550 nm

acousto-opticalmodulator(time resolution20 ns), .001 I I

and the PL decaywasdetectedby a GaAs photo- 0 5 10 15 20
multiplier and a transient recorder. The laser
wavelengthwas varied from )~= 476 to 352 nm t ( ms
withoutanyeffect on the decaycharacteristics.The

Fig. 3. PL decay at T= 4.2 K of a porous Si samplelaserpowerhadto beselectedvery carefully dueto (‘~m,~= 700 nm) afterpulsedlaser excitation.Decaycurvesare

the strong optical degradationof the luminescent givenfor differentdetectionwavelengths.Excitationwavelength:
layers. 457

3. Generalfeaturesof the PL decay wavelengths.A qualitatively similar behavior is
found for lower sampletemperatures(Fig. 3), al-

The PL decay of a porousSi sampleat room thoughthe decaytimesaremuchslower(ms regime
temperatureis detected,as shown in Fig. 2, at at 4.2K insteadof jis regimeat roomtemperature).
differentwavelengths.Thedecayis nonexponential In addition, a single exponentialdecay,especially
and is a functionof the detectionwavelength.The for long detectionwavelengths,is clearly observ-
decay is faster for detection towards shorter ableat lower sampletemperatures.
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Table 1
Fitting parametersX andt

0 for thedecaycurvespresentedin Figs.2 and 3

T(K) ,~(nm) 550 600 650 700 750 800 850

295 X 3.6 1.9 1.3 1 0.8 0.7 0.6
to (~ss) 39 42 58 81 110 144 175

4.2 X 0.9 0.4 0.2 0.2 0.02 0.06 —

to (ms) 5.0 5.3 5.9 6.2 6.4 6.9 —

Severalmodelshavebeensuggestedto account 1 II, 1111111111 ~~“I”I”” 1

for the PL decay,in por-Si [3,11,13—16].We pro-
posea simpleband-to-bandrecombinationprocess ~ \~~a I

to describethe PL decay in which the carrier re- .~ - .1

combinationis predominantlyradiativedueto the ~ N..
highexternalquantumefficiency of all our samples. C ~ \~ ~

Therecombinationrateis proportionalto the con- ~ .oi . .oi

centrationof free electronsand holes[17], andthe ~ 650nm 650nm142K 42K

timedependencefor the PL after pulsedlaserexci- T-

tationis givenby: .001 I I I 1111111111 I I I I ~ I .1,, I, 001
0 5 10 15 20 0 1 2 3 4 5

etIto t (mS) t (ms)
1(t) [(X + l)eufto — X]

2 (1)
Fig. 4. Comparisonofthedecaycurvesfor samplesn-por Si (a),
p-por Si (b), annealedsiloxene(c)andaspreparedsiloxene(d) at

with r
0 charactenzingthe singleexponentialdecay . .

thedetectionwavelength650 nm. Sampleswerecooledin liquid
for longdecaytimesandX describingthe increase helium.
in carrier concentrationdueto laserexcitation,X is
givenin multiplesof thecarrier concentrationwith-
out laserexcitation.A least-squaresfit to our data
yields r0 andX. The straight lines in Figs. 2 and por-Si samplesandthe annealedsiloxene.A com-
3 are theresultof the fit process.Table1 lists t~and parisonof the different decaycurves of por-Si and
X obtainedfrom the decay curves presentedin siloxeneis presentedin Fig. 4. The por-Sisamples
Figs. 2 and 3. (n-por-Si(a),p-por-Si(b)) andannealedsiloxene(c)

Surprisingly,all otherporousSi samplesandthe exhibit all the sameexponentialdecaytimet~.The
annealedsiloxene sampleexhibit the samer0 for as-preparedsiloxene(d) shows basicallythe same
thesamedetectionwavelengthandsampletemper- decay features with a single exponential decay
ature.Thespreadin the datais only 10%,which which is similar, but by a factor of 3.5 fasterthan
correspondsalso to the error bar of our fitting the othersamples.
process. All samples, however, show different Our model for the recombinationprocesswas
X values(which accountfor the fast nonexponen- checked by the two following experiments.The
tial decay), in particular the X valuesfor the an- pulsewidth wasvariedasis shownin Fig. 5 from 15
nealedsiloxenesamplescanbe in the rangeof 2—S. to 200 ~.tsand in agreementwith our model, no
As preparedsiloxeneshowsthesamedecaycharac- changein X and ‘to was found. However, an in-
teristics howeverwith a much more pronounced creasein laserpowerby a factor of 100 givesriseto
nonexponentialdecay(X values in the range of a changein X, as canbe seenin Fig. 4 by the more
4—10) and with a single exponential lifetime ‘r0 pronouncednonexponentialbehaviorof the decay
which is a factor 2—5 smaller comparedto the curve.
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