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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 nanocrystals.@S0163-1829~98!00407-X#
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The luminescence mechanism in porous silicon~PSi! has
been a subject of a long-standing debate. In his first art
on PSi luminescence, Canham1 attributed the photolumines
cence ~PL! to radiative transitions between quantum
confined levels inside the Si nanoparticles. Some researc
suggested different models,2 including radiative recombina
tion via surface states,3 Si-based luminescing compound
like a-Si,4 siloxene5 and light emission from certain defec
in SiO2.6

The first spectroscopic evidence that at least part of
luminescence results from quantum-confined states in
the Si nanocrystals came from the experiments of Cal
et al.7 They excited the luminescence resonantly, and
served clear onsets in the PL spectrum. The energy of
onsets is identical to that of the TO and TA momentu
conserving phonons ofc-Si. Since only two structures ar
observed~for each phonon! the only possible processes
the absorption-emission cycle involve zero, one, or t
momentum-conserving phonons. These processes corres
to no-phonon transitions in both emission and absorption
a phonon-assisted process in either the absorption or
emission, and to phonon-assisted transitions in both
emission and the absorption. Therefore, Calcottet al. con-
cluded that the luminescence arises from states confine
side the Si nanocrystallites.

Several experimental observations, especially regard
the influence of the surface chemistry of PSi on its lig
emission, are difficult to reconcile with the notion that all t
light originates from quantum-confined states. This has
Rosenbaueret al.8 to suggest that most of the light come
from a very efficient luminescence source, which is not
Si nanocrystals. This proposed source is excited only ab
2.5 eV, and there is a strong Stokes shift of the emission
its PL peak is at 1.6–2 eV. The weak luminescence from
Si nanocrystals can be seen only when the excitation of
strong source is impossible~as in the case of the resona
570163-1829/98/57~7!/3741~4!/$15.00
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excitation!.8 In order to support this conjecture, Rosenbau
et al. measured the efficiency of light emission under re
nant and nonresonant excitations, and found that the lu
nescence is much weaker under resonant excitation, w
the phonon structures are seen. The increase in the lum
cence efficiency, as the excitation energy increases, is
companied by a smearing of the phonon structures. Ro
baueret al. concluded that under usual excitation conditio
most of the light does not involve phonon-assisted proces
and therefore it is not a result of radiative transitions betwe
states confined in the Si nanostructures.

In this paper we use luminescence hole burning in or
to determine accurately how much of the light is emitt
from quantum-confined states. This method has been
ployed for a variety of the nanocrystal systems~see, for ex-
ample, Ref. 9!. The luminescence is excited by a weak pro
beam (\v5 2.8 eV!. Because of the high energy of th
photons all the emitters are excited efficiently. Then an
tense pump beam is used to quench the luminescence.
probe photon is absorbed in a nanocrystal which is alre
occupied by an electron-hole pair created by the strong pu
beam, nonradiative Auger recombination would occur10

Therefore, the luminescence due to the probe beam is
pressed by the presence of the pump beam.

In order to identify the light emission from the stron
source suggested in Ref. 8, we use a resonant pump b
(\v. 1.8 eV!. At this pump energy the strong source
supposedly not absorbing.8 Therefore, the fraction of the PL
suppressed by the pump beam is emitted from the quant
confined states. This is confirmed by the observation of
sets due to the TO momentum-conserving phonons in
spectral shape of the ‘‘hole’’ burnt in the PL spectrum. W
find that the magnitude of the ‘‘hole’’ reaches 80% in th
region of the second phonon step, which implies that mos
the luminescence originates from quantum-confined st
inside the Si nanocrystals.
3741 © 1998 The American Physical Society
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3742 57BRIEF REPORTS
Persistent hole burning is also observed as a resul
Auger ionization. If twoe-hpairs simultaneously occupy th
same nanocrystal, one pair would recombine nonradiativ
via the Auger process. One of the carriers left can gain
energy of the recombined pair and escape from the crys
lite. As a result the nanocrystal is charged, and all furt
radiative recombination inside it is suppressed~due to Auger
processes!. At low temperatures the nanocrystal remains io
ized for long times, resulting in a persistent degradation
the PL.11–13 We show that Auger-induced charging of th
nanocrystallites leads to the persistent hole burning phen
ena in the PL with the same phonon onset structure. Incr
ing the temperature of the sample washes out the hole b
in the PL spectrum, and this is accompanied by a therm
minescence signal with similar phonon onsets.

The details of the sample preparation and the optical se
can be found elsewhere.14 The experiments are done using
pump-probe technique. A dye laser tunable in the spec
range of 600–690 nm is used to excite the PL resonantly
as a pump beam source. A He-Cd laser~442 nm! beam is
used as a probe. The intensity of the probe beam is kept
(I probe510 mW/cm2) so the PL intensity is in the linea
regime. A microscope is used to ensure that the pump
overlaps completely the smaller spot of the probe laser.
probe beam is modulated at a frequency of 12 Hz, and the
is measured using conventional lock-in technique at the s
frequency. The pump beam is modulated at a high freque
~260 Hz! to achieve quasi-steady-state pumping conditio
with respect to the excited carrier lifetimes.7 To suppress
stray light from the pump laser, the entrance slit of mon
chromator is blocked when the pump beam illuminates
sample. To avoid overheating of the sample by the pu
beam all the experiments are done in superfluid He aT
51.5 K, and the intensity of the pump beam is kept bel
the He boiling threshold (I pump<30 W/cm2).

The PL spectrum under nonresonant (\vprobe52.8 eV!
excitation is shown in Fig. 1. The resonant beam suppre
the nonresonant PL intensity at energies below that of
pump photons. The PL intensity at higher emission energ
is almost not affected. Two well-defined onsets, separate

FIG. 1. The PL spectra of PS induced by a weak probe bea
2.8 eV ~dashed line! and its modifications in the presence of a
intense pump beam~solid lines!. \vpump are shown by arrows. In-
set: The PL intensity as a function of the pump beam intens
Triangles: \vpump51.946 eV, \vd51.879 eV. Squares:\vpump

52.54 eV,\vd51.77 eV. Solid lines are fits to Eq. 1.
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56 meV, are seen in the resulting PL spectra. No influence
the PL is observed in the close vicinity of the excitation lin
These PL features are related to the TO-phonon replicas
the exciton gap observed in the resonant PL spectrum7,15

The maximal suppression we have achieved is as large a
and it reaches a factor of 2 in the region of the first phon
step. The effect is far from saturation, and the measured
pression values are limited by the experimental setup~the
power of the dye laser!. Under a nonresonant pump bea
(\vpump52.54 eV!, the maximal suppression value is of th
order of 20~inset of Fig. 1!. Note that the actual suppressio
value is even higher since the detected signal is a resu
averaging over the pump laser on and off periods~time ratio
is 5:7!.

In Fig. 2 we compare the degree of PL suppression~the
difference between the PL intensity with and without pum
beam! with the resonant PL spectrum. The resonant PL sp
tra are excited at the same wavelength as that of the pu
There is an obvious correlation between the spectral dep
dence of the degree of quenching and the resonant PL s
trum. In particular, the two steps in the suppression spect
coincide with the TO momentum-conserving phonon ons
observed in the resonant PL spectrum. The intensity of
suppressed PL is a large fraction of the PL intensity un
nonresonant excitation when all the ‘‘emitters’’ are efficien

In order to assert that the luminescence hole burning p
nomena do not arise from bleaching of the band-edge
sorption ~due to occupation of the electron or the ho
ground states16!, we looked for changes in the absorption
free-standing layers, induced by the pump beam. Howe
no induced effect on the absorption is seen within the exp
mental error. This is probably due to the small fraction
luminescing particles.

The presence oftwo phonon steps in the quenching spe
trum proves that the luminescence that has been suppre
also involves momentum-conserving phonons in the em
sion process.7 We assume that the probe beam does not
duce light emission in a crystallite in which ane-h pair is
excited by the pump beam. The probability of a crystallite
be occupied is proportional tos(Eg ,\vpump), the absorption
cross section for photons with an energy\vpump in a nano-
crystal with a ‘‘gap’’ Eg . s(Eg ,\vpump) reflects the average
density of electronic states at energy\vpump in the nano-

at

.

FIG. 2. A comparison between the spectral dependence of
suppression of the nonresonantly excited PL by a pump beam~solid
and open squares! and the resonant PL of PS at the same excitat
energies. The laser energies are shown by arrows.
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57 3743BRIEF REPORTS
crystal. However, since the absorption involves no-phon
and phonon-assisted processes,s(Eg ,\vpump) has one pho-
non onset at\Vphonon aboveEg . The second phonon onse
comes from the emission process. The occupied crysta
does not emit light atEg ~minus the small exciton gap! and at
Eg2\Vphonon. We point out that if only the absorption take
place inside the nanocrystal, but the emission involves lo
ized states~surface or SiOx defect states!, only one phonon
step should be seen.

We observe that 80% of the total luminescence is s
pressed by the presence of the resonant pump. The spe
shape of the ‘‘hole’’ demonstrates two phonon onsets. Co
bining these facts, we conclude that the origin of the PL
radiative recombination between quantum-confined state
side the Si nanocrystals.

The observations that the resonantly excited PL is m
weaker than that excited at high energies is explained by
difference of the absorption cross sections. In order to g
an estimate of the ratio of the absorption cross section
resonant and non-resonant excitations, we assume tha
PL induced by the probe beam at\vd is proportional to the
density of crystallites with a ‘‘gap’’\vd , which are left
unoccupied by the pump beam~at energy\vpump). We solve
a system of rate equations, and obtain the density of em
crystallites as a function of the pump intensity:13

Nempty~\vd ,I pump!5
Ntotal~\vd!

11tR~\vd!s~\vd ,\vpump!I pump
.

~1!

Here tR(\vd) is the radiative lifetime,s(\vd ,\vpump) is
the cross section for absorption of photons with an ene
\vpump in a nanocrystal with a ‘‘gap’’\vd , I p is the inten-
sity of the pump light expressed in an areal flux of incide
photons. The solid curves in the inset of Fig. 1 are fits us
Eq. ~1!. We neglect the fact that light emission at\vd origi-
nates from crystallites with gaps\vd ~via no-phonon pro-
cess! and \vd1\Vphonon ~via phonon-assisted emission!.17

Although we used this simplification, the results are fitt
very well. Substituting the experimental values oftR54 ms
we obtain an approximate value ofs (\vd51.88 eV,
\vpump51.94 eV!54310219 cm2, while for high-energy
pumpings (\vd51.77 eV,\vpump52.54 eV!510217 cm2.
The difference in these values reflects the increase in
density of electronic states with increasing energy above
‘‘gap.’’ Indeed, the light emission under nonresonant exc
tion is much more efficient than under resonant one,
claimed by Rosenbaueret al.,8 but this is due to the large
difference in the density of states. We point out that t
factor we have obtained from the hole burning experime
has a similar magnitude to that deduced from the lumin
cence intensity by Rosenbaueret al.8

We turn now to discuss persistent hole burning pheno
ena. These effects are studied in the following way. Af
measuring the usual PL spectrum under nonresonant co
tions (\v52.8 eV!, we switch off the weak probe beam an
expose the sample for 3 h to astrong resonant beam (I pump
510 W/cm2). The intense resonant pump beam is used
create a long-term degradation of the luminescence via
Auger ionization. After the degradation step, we switch
the strong beam and measure the luminescence again
n
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the same weak probe beam. Thermoluminescence is m
sured during the heating of the sample~after persistent hole
burning! using a spectrograph combined with a silicon CC
array.

The burnt luminescence spectra are shown in Fig. 3. T
are very similar to those seen in Fig. 1. A clear decreas
PL efficiency is recorded for emission energies below tha
the degrading beam, while almost no influence is detec
above it. Again two phonon replicas and a forbidden g
~markedD) known from the resonant PL measurements
observed~inset of Fig. 3!. The degradation becomes less e
ficient at low detection energies as in the case of the n
resonant fatigue effect.13 At low temperatures, the spectrum
of the ‘‘hole’’ and its magnitude do not change during te
of hours. Heating the sample to 250 K washes out the sp
tral hole completely.

Electrons or holes ejected from the Si nanocrystals dur
the Auger ionization process are either captured by surf
traps or transferred to a neighboring nanocrystal. When
sample is heated, the trapped carriers can be thermally r
cited into the nanocrystals. A carrier injected into a charg
nanocrystal recombines with the carrier which has been

FIG. 4. Thermoluminescence spectra~heating range is 1.5–20
K! measured after spectral hole burning at different energ
~shown by arrows!. Inset: The first derivative of one of the spectr
A better discrimination of the TO-phonon-related structure is p
sible.

FIG. 3. Persistent hole burning spectra of PS luminesce
spectrum at different burning energies~solid lines, the burning en-
ergies are indicated by arrows!. For comparison the initial PL spec
trum is also shown~dashed line!. Inset: Detailed PL spectrum in th
vicinity of the burning laser energy.
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3744 57BRIEF REPORTS
there. This process restores the initial optical properties
the sample, since the nanocrystals become neutral. If the
combination is radiative a thermoluminescence signal
pears. This effect is known for semiconductor-dop
glasses.11

The thermoluminescence from a sample that has been
posed to resonant light at 1.5 K is measured while the sam
is heated to 20 K. The spectra are shown in Fig. 4, a
demonstrate the same spectral features seen in the hole
ing experiments. The emission spectra shift with the burn
light energies. Furthermore, two TO-phonon onsets are s
as well. These TO-phonon replicas are seen better in the
derivative of the thermoluminescence spectrum~the inset of
Fig. 4!. The presence of a weak anti-Stokes thermolumin
cence at energies above the burning energy indicates th
part of the carriers is reexcited via Auger process to crys
lites with higher band gaps. According to our estimates,
total number of photons emitted during the heating pro
dure is roughly equal to the number of photodegraded na
crystals. The spectrally integrated thermoluminescence
nal measured at a constant heating rate has a broad tem
ture distribution from 1.5 to 250 K, with a maximum at 15
K. Following the procedure described in Ref. 18, we dedu
an average activation energy of 300 meV. This energy is
good agreement with measured energy positions of sur
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traps in porous silicon.19 It is slightly smaller than the acti-
vation energy of the dc transport~about 0.5 eV!.20

The fact that the hole burnt at low temperatures pers
for a few hours, and that heating can cause thermolumin
cence, has important implication for the understanding of
mechanism of PSi luminescence. In several of the sugge
models for the PL, it is argued that electrons and holes,
tically excited in the core of the nanocrystal, relax in ener
to different types of localized states, from which they reco
bine radiatively. The relaxation energy is assumed to
about 0.3–0.5 eV, thus explaining the Stokes shift of
nonresonantly excited PL. Indeed, such trap states could
ist as it is evident from the thermoluminescence data. Ho
ever, the lifetime of captured carriers is very long~of the
order of tens of hours at low temperatures!. Radiative recom-
bination between these states is impossible at low temp
tures, and thus the light emission cannot involve such tr
sitions.

To summarize, we demonstrated that Auger nonradia
processes result in spectral hole burning in the PL of PSi
low temperatures the hole can persist for long times, and
healing is accompanied by thermoluminescence. The p
ence of two phonon steps as a general feature in all th
phenomena allows us to conclude that the luminescenc
porous Si arises from radiative transitions between quant
confined states inside the Si nanocrystals.
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