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Hole burning spectroscopy of porous silicon
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We report on luminescence hole burning experiments that provide a clue for the mechanism of photolumi-
nescence of porous silicon. A large fraction of the light emission is suppressed by an intense resonant pump
beam, which introduces an Auger nonradiative recombination. The hole burnt in the luminescence spectrum
has two well-defined onsets related to the TO momentum conserving phonons of Si. At low temperatures the
hole persists for hours. An increase of the temperature heals the spectral hole, and this is accompanied by a
thermoluminescence signal. These results allow us to conclude that most of the luminescence of porous Si
arises from radiative recombination between states confined inside the nanocrg&tas-18208)00407-X]

The luminescence mechanism in porous sili¢B8) has  excitation.? In order to support this conjecture, Rosenbauer
been a subject of a long-standing debate. In his first articlet al. measured the efficiency of light emission under reso-
on PSi luminescence, Canhdattributed the photolumines- nant and nonresonant excitations, and found that the lumi-
cence (PL) to radiative transitions between quantum- nescence is much weaker under resonant excitation, when
confined levels inside the Si nanoparticles. Some researchettse phonon structures are seen. The increase in the lumines-
suggested different modélsncluding radiative recombina- cence efficiency, as the excitation energy increases, is ac-
tion via surface states,Si-based luminescing compounds companied by a smearing of the phonon structures. Rosen-
like a-Si?# siloxené and light emission from certain defects baueret al. concluded that under usual excitation conditions
in Si0,.° most of the light does not involve phonon-assisted processes,

The first spectroscopic evidence that at least part of thand therefore it is not a result of radiative transitions between
luminescence results from quantum-confined states insidgtates confined in the Si nanostructures.
the Si nanocrystals came from the experiments of Calcott In this paper we use luminescence hole burning in order
et al” They excited the luminescence resonantly, and obto determine accurately how much of the light is emitted
served clear onsets in the PL spectrum. The energy of thiom quantum-confined states. This method has been em-
onsets is identical to that of the TO and TA momentum-ployed for a variety of the nanocrystal syste(ese, for ex-
conserving phonons af-Si. Since only two structures are ample, Ref. 8 The luminescence is excited by a weak probe
observed(for each phononthe only possible processes in beam Gw= 2.8 e\). Because of the high energy of the
the absorption-emission cycle involve zero, one, or twophotons all the emitters are excited efficiently. Then an in-
momentum-conserving phonons. These processes correspaetise pump beam is used to quench the luminescence. If a
to no-phonon transitions in both emission and absorption, tprobe photon is absorbed in a nanocrystal which is already
a phonon-assisted process in either the absorption or theccupied by an electron-hole pair created by the strong pump
emission, and to phonon-assisted transitions in both theeam, nonradiative Auger recombination would ocCur.
emission and the absorption. Therefore, Calettal. con-  Therefore, the luminescence due to the probe beam is sup-
cluded that the luminescence arises from states confined ipressed by the presence of the pump beam.
side the Si nanocrystallites. In order to identify the light emission from the strong

Several experimental observations, especially regardingource suggested in Ref. 8, we use a resonant pump beam
the influence of the surface chemistry of PSi on its light(hw= 1.8 e\). At this pump energy the strong source is
emission, are difficult to reconcile with the notion that all the supposedly not absorbifgTherefore, the fraction of the PL
light originates from quantum-confined states. This has leduppressed by the pump beam is emitted from the quantum-
Rosenbaueet al® to suggest that most of the light comes confined states. This is confirmed by the observation of on-
from a very efficient luminescence source, which is not thesets due to the TO momentum-conserving phonons in the
Si nanocrystals. This proposed source is excited only abovspectral shape of the “hole” burnt in the PL spectrum. We
2.5 eV, and there is a strong Stokes shift of the emission, stind that the magnitude of the “hole” reaches 80% in the
its PL peak is at 1.6—2 eV. The weak luminescence from theegion of the second phonon step, which implies that most of
Si nanocrystals can be seen only when the excitation of théhe luminescence originates from quantum-confined states
strong source is impossibl@s in the case of the resonant inside the Si nanocrystals.
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FIG. 1. The PL spectra of PS induced by a weak probe beam auppression of the nonresonantly excited PL by a pump teatid
2.8 eV (dashed ling and its modifications in the presence of an and open squargsaind the resonant PL of PS at the same excitation
intense pump beartsolid lines. 7 wy,m, are shown by arrows. In-  €nergies. The laser energies are shown by arrows.
set: The PL intensity as a function of the pump beam intensity.
Triangles: i wpym=1.946 eV, hwy=1.879 eV. Squareskw,,,, 56 MeV, are seen in the resulting PL spectra. No influence on
=254 eV,hiwy=1.77 eV. Solid lines are fits to Eq. 1. the PL is observed in the close vicinity of the excitation line.
These PL features are related to the TO-phonon replicas and
Persistent hole burning is also observed as a result dhe exciton gap observed in the resonant PL specfrtim.
Auger ionization. If twoe-h pairs simultaneously occupy the The maximal suppression we have achieved is as large as 5,
same nanocrystal, one pair would recombine nonradiativelgnd it reaches a factor of 2 in the region of the first phonon
via the Auger process. One of the carriers left can gain thetep. The effect is far from saturation, and the measured sup-
energy of the recombined pair and escape from the crystapression values are limited by the experimental sdthp
lite. As a result the nanocrystal is charged, and all furthepower of the dye lasgr Under a nonresonant pump beam
radiative recombination inside it is suppressede to Auger (% wpymg=2.54 €V, the maximal suppression value is of the
processes At low temperatures the nanocrystal remains ion-order of 20(inset of Fig. 3. Note that the actual suppression
ized for long times, resulting in a persistent degradation ofvalue is even higher since the detected signal is a result of
the PLY~23We show that Auger-induced charging of the averaging over the pump laser on and off perittitae ratio
nanocrystallites leads to the persistent hole burning phenonis 5:7).
ena in the PL with the same phonon onset structure. Increas- In Fig. 2 we compare the degree of PL suppresstbe
ing the temperature of the sample washes out the hole burudifference between the PL intensity with and without pump
in the PL spectrum, and this is accompanied by a thermolubean) with the resonant PL spectrum. The resonant PL spec-
minescence signal with similar phonon onsets. tra are excited at the same wavelength as that of the pump.
The details of the sample preparation and the optical setuphere is an obvious correlation between the spectral depen-
can be found elsewhef&The experiments are done using a dence of the degree of quenching and the resonant PL spec-
pump-probe technique. A dye laser tunable in the spectratum. In particular, the two steps in the suppression spectrum
range of 600—690 nm is used to excite the PL resonantly, ocoincide with the TO momentum-conserving phonon onsets
as a pump beam source. A He-Cd lag&42 nm beam is observed in the resonant PL spectrum. The intensity of the
used as a probe. The intensity of the probe beam is kept losuppressed PL is a large fraction of the PL intensity under
(I probe= 10 mWi/cn?) so the PL intensity is in the linear nonresonant excitation when all the “emitters” are efficient.
regime. A microscope is used to ensure that the pump spot In order to assert that the luminescence hole burning phe-
overlaps completely the smaller spot of the probe laser. Theomena do not arise from bleaching of the band-edge ab-
probe beam is modulated at a frequency of 12 Hz, and the P&orption (due to occupation of the electron or the hole
is measured using conventional lock-in technique at the samground state’§), we looked for changes in the absorption of
frequency. The pump beam is modulated at a high frequenciyee-standing layers, induced by the pump beam. However,
(260 H2 to achieve quasi-steady-state pumping conditionsio induced effect on the absorption is seen within the experi-
with respect to the excited carrier lifetiméslo suppress mental error. This is probably due to the small fraction of
stray light from the pump laser, the entrance slit of mono-4uminescing particles.
chromator is blocked when the pump beam illuminates the The presence divo phonon steps in the quenching spec-
sample. To avoid overheating of the sample by the pumprum proves that the luminescence that has been suppressed
beam all the experiments are done in superfluid He at also involves momentum-conserving phonons in the emis-
=1.5 K, and the intensity of the pump beam is kept belowsion proces$.We assume that the probe beam does not in-
the He boiling thresholdl <30 Wicn?). duce light emission in a crystallite in which @ah pair is
The PL spectrum under nonresonatof,,,c=2.8 €V)  excited by the pump beam. The probability of a crystallite to
excitation is shown in Fig. 1. The resonant beam suppressdee occupied is proportional @(Eg,% w,ump , the absorption
the nonresonant PL intensity at energies below that of theross section for photons with an enerfgy,m in @ nano-
pump photons. The PL intensity at higher emission energiesrystal with a “gap” Ey. o(E4,wp,mp reflects the average
is almost not affected. Two well-defined onsets, separated bgensity of electronic states at enerfiy,m, in the nano-
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crystal. However, since the absorption involves no-phonon 1.2 : T .
. £ 10

and phonon-assisted processef:q,% wpymp has one pho- | 5
non onset at () on0n@boVveE . The second phonon onset :_,g? 1.0r L
comes from the emission process. The occupied crystallite § gl z 7o
does not emit light a4 (minus the small exciton gaand at a S os {pro Laser—
Eg—ﬁ_(lphonon. We point out that if only the qbsqrption takes & 0.6} P TTREEY™
place inside the nanocrystal, but the emission involves local- > 04 Energy (V)
ized stategsurface or SiQ defect states only one phonon @ =
step should be seen. 2 o2}

We observe that 80% of the total luminescence is sup- - I
pressed by the presence of the resonant pump. The spectralo. 0.0~ , , , , ,
shape of the “hole” demonstrates two phonon onsets. Com- 1.4 1.6 1.8 2.0 2.2 2.4 2.6
bining these facts, we conclude that the origin of the PL is Energy (eV)
radiative recombination between quantum-confined states in-
side the Si nanocrystals. FIG. 3. Persistent hole burning spectra of PS luminescence

The observations that the resonantly excited PL is mucf§Pectrum at different buring energiesolid lines, the burning en-
weaker than that excited at high energies is explained by th@gies are indicated by arrols-or comparison the initial PL spec-
difference of the absorption cross sections. In order to givd/Um is also showitdashed ling Inset: Detailed PL spectrum in the
an estimate of the ratio of the absorption cross sections Nty of the buming laser energy.
resonant and non-resonant excitations, we assume that the
PL induced by the probe beam?aiv, is proportional to the the same weak probe beam. Thermoluminescence is mea-
density of crystallites with a “gaph w4, which are left sured during the heating of the sampédter persistent hole
unoccupied by the pump bea(@t energyh w,,my. We solve  burning using a spectrograph combined with a silicon CCD
a system of rate equations, and obtain the density of emptgrray.

crystallites as a function of the pump intensity: The burnt luminescence spectra are shown in Fig. 3. They
are very similar to those seen in Fig. 1. A clear decrease in
Niota( % @4) PL efficiency is recorded for emission energies below that of

. the degrading beam, while almost no influence is detected
p“mp(l) above it. Again two phonon replicas and a forbidden gap
(markedA) known from the resonant PL measurements are
Here (% wg) is the radiative lifetimeo(fiwg,hwpump i observedinset of Fig. 3. The degradation becomes less ef-
the cross section for absorption of photons with an energficient at low detection energies as in the case of the non-
fiwpumpin @ nanocrystal with a “gapwy, |, is the inten- resonant fatigue effe¢t At low temperatures, the spectrum
sity of the pump light expressed in an areal flux of incidentof the “hole” and its magnitude do not change during tens
photons. The solid curves in the inset of Fig. 1 are fits usingf hours. Heating the sample to 250 K washes out the spec-
Eq. (1). We neglect the fact that light emissionfabg origi- ~ tral hole completely. _ _
nates from crystallites with gapswy (via no-phonon pro- Electrons or holes ejected from the Si nanocrystals during
ces$ and fiwg+ A Q phonon (Via phonon-assisted emissidi the Auger ionization process are either captured by surface
Although we used this simplification, the results are fittedr@Ps or transferred to a neighboring nanocrystal. When the

very well. Substituting the experimental valuesmi=4 ms  Sample is heated, the trapped carriers can be thermally reex-
we obtain an approximate value of (hwy=1.88 eV cited into the nanocrystals. A carrier injected into a charged

fiwpumg=1.94 e=4x10"1° cm?, while for high-energy nanocrystal recombines with the carrier which has been left

pumpingo (fwg=1.77 eV, fiwyym= 2.54 ey=10"1" cm?.
The difference in these values reflects the increase in the T ‘ T
. . o . 1.0}
density of electronic states with increasing energy above the
“gap.” Indeed, the light emission under nonresonant excita-
tion is much more efficient than under resonant one, as
claimed by Rosenbauest al.? but this is due to the large
difference in the density of states. We point out that this

Nemon( i wa-Lpumd) = T o (hwog Frwpump)

0.8}

0.6}

Burning energies:

TL intensity (arb. units)

factor we have obtained from the hole burning experiments 04! 1.792 eV
has a similar magnitude to that deduced from the lumines- § =™~ 1823 eV
cence intensity by Rosenbauetral® 0.2} -~ 1.937 eV
' i ; | ——2.000 &V
We turn now to discuss persistent hole burning phenom-
ena. These effects are studied in the following way. After 0.0¢ P il A
measuring the usual PL spectrum under nonresonant condi- 1.6 E 1'8V 2.0
tions (A w=2.8 eV), we switch off the weak probe beam and nergy (eV)
expose the sample @ h to astrong resonant bear ymy FIG. 4. Thermoluminescence spectf®ating range is 1.5-20

=10 W/cnv). The intense resonant pump beam is used t) measured after spectral hole burning at different energies
create a long-term degradation of the luminescence via aghown by arrows Inset: The first derivative of one of the spectra.
Auger ionization. After the degradation step, we switch off A better discrimination of the TO-phonon-related structure is pos-
the strong beam and measure the luminescence again usisigle.
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there. This process restores the initial optical properties ofraps in porous silicof® It is slightly smaller than the acti-
the sample, since the nanocrystals become neutral. If the r&ation energy of the dc transpgebout 0.5 eV 20
combination is radiative a thermoluminescence signal ap- The fact that the hole burnt at low temperatures persists
pears. This effect is known for semiconductor-dopedfor a few hours, and that heating can cause thermolumines-
glasseé.l cence, has important implication for the understanding of the
The thermoluminescence from a sample that has been efi€chanism of PSi luminescence. In several of the suggested
posed to resonant light at 1.5 K is measured while the sampi@odels for the PL, it is argued that electrons and holes, op-
is heated to 20 K. The spectra are shown in Fig. 4, andically excited in the core of the nanocrystal, relax in energy
demonstrate the same spectral features seen in the hole buffi.-different types of localized states, from which they recom-
ing experiments. The emission spectra shift with the burnin ine radiatively. Theh relaxatllqn_ ene;‘gy IS Essumhgd th r?e
light energies. Furthermore, two TO-phonon onsets are se€ og;lets(())ﬁ%?l? e?(\éitet dUSLe)I(rF]) daelgggsfjc?\ t?;% gtsatseslfct:o?ﬂdt eex-
Zzr\i,://(;ltli.v-ghci‘sa;—(t)r;g:]mogﬁj%ﬁizlé%aeigéeszzi? r@?k?qtet?r:slzttg? f'r:%t asitis gvident from the thermol.umir]escence data. How-
ever, the lifetime of captured carriers is very lofaf the

Fig. 4. The presence of a weak ant|-Stokes tr?e".nOIummes()rder of tens of hours at low temperaturdéRadiative recom-
cence at energies above the burning energy indicates that,

tihation between these states is impossible at low tempera

part of the carriers is reexcited via Auger process to crystaly,res, and thus the light emission cannot involve such tran-
lites with higher band gaps. According to our estimates, th&ijtions.

total number of photons emitted during the heating proce- To summarize, we demonstrated that Auger nonradiative
dure is roughly equal to the number of photodegraded nangyrocesses result in spectral hole burning in the PL of PSi. At
crystals. The spectrally integrated thermoluminescence sigow temperatures the hole can persist for long times, and its
nal measured at a constant heating rate has a broad temper@aling is accompanied by thermoluminescence. The pres-
ture distribution from 1.5 to 250 K, with a maximum at 150 ence of two phonon steps as a general feature in all these
K. Following the procedure described in Ref. 18, we deducgohenomena allows us to conclude that the luminescence of
an average activation energy of 300 meV. This energy is in @orous Si arises from radiative transitions between quantum-
good agreement with measured energy positions of surfacsonfined states inside the Si nanocrystals.
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