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Resonantly excited photoluminescence spectra of porous silicon
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Resonantly excited low-temperature photoluminescence spectra of porous silicon (por-Si) sam-
ples show a steplike structure with at least four phonon-related steps. For different n- and p-doped
por-Si, we examine this phonon structure in spectra taken both during laser excitation and after
different detection delay times following laser shutoff, ranging from 10 ps to 1.2 ms. The lumines-
cence efBciency decreases and the phonon structure becomes more pronounced when lowering the
excitation energy or when increasing the delay time between the detection window and the excita-
tion. This observation suggests two separate luminescence mechanisms in por-Si: a very efBcient
one that is usually observed (even at room temperature) when exciting at higher energies (- 3 eV)
and one that shows a phonon structure and can be seen only at low temperatures and when the
efBcient mechanism is suppressed by excitation at energies lower than 2 ev.

I. INTRODUCTION

The discovery of efficient visible red photoluminescence
(PL) in porous silicon (por-Si) at room temperature has
not only initiated worldwide efforts in optimizing the
preparation procedures for por-Si, but also challenged
researchers to find the origin of this very efficient PL.
Possible sources of the PL are geometrically quantum-
confined electron wave functions due to quantum wires
or Si nanocrystallites, chemically isolated and therefore
quantum-confined electron wave functions in molecular-
like substances2 (e.g. , within a thin surface layer on top
of the Si quantum wires), radiative recombination due to
surface states, and a combination of some or all of the
above mentioned effects. '

The PL of por-Si is excited most efficiently when using
photon energies in the uv or in the blue. In this case, the
PL spectrum is a broadband, ranging from about 1.5 to
2.6 eV with a peak located at around 1.8 eV depending on
the excitation energy. However, when exciting resonantly
(E,„,( 2 eV) and at low temperatures (T ( 70 K),
the spectrum reveals a steplike structure which becomes
more pronounced and eventually turns into a peak struc-
ture when reducing the excitation energy below 1.5 eV.
The position of these steps or peaks relative to the excita-
tion laser line does not change significantly when varying
the excitation energy. Therefore, it is assumed that they
are the manifestation of phonon structures. A quan-
titative evaluation of the step spacing energies suggests
that their source must have a phonon spectrum and op-
tical selection rules very similar to crystalline Si.

The exact quantitative explanation of this phonon
structure, however, is still being disputed: There is an
absorption-based model by Suemoto et aL which as-
sumes that the origin of the structure lies in the individ-
ual photoluminescence excitation spectra of single quan-
tum particles. Each particle would have only one narrow
emission line whose energy depends on the geometrical

size of the particle. The term resonant excitation in this
model refers to exciting particles of different size and dif-
ferent efficiencies in their excitation spectra simultane-
ously with one laser line. The resulting PL spectrum
would then be a superposition of the very narrow emis-
sion lines of all particles which are excited with differ-
ent efficiencies. Indirect phonon-assisted absorption of
these particles could explain the phonon structure. This
model can also qualitatively account for the experimen-
tally observed shift of the step onsets with increasing
temperatures and for almost arbitrary numbers of steps
and substeps. But both the disappearance of the steps at
higher but still comparably low excitation energies and
their transitions into peaks at lower excitation energies
is hard to explain in this framework.

The explanation given by Calcott et al. ' assumes
an excitonic recombination process in the indirect band
structure of crystalline silicon. Phonon-assisted and no-
phonon transitions account simultaneously for the optical
processes and can be used to explain the step positions
within experimental error. Resonant excitation in this
model means selectively exciting two kinds of particles
or wires, one of them having a band gap that matches
the laser energy, the other one a band gap that is below
the laser energy by exactly the energy of one crystalline
silicon phonon at a A point in k space (e.g. , by the energy
of a TO phonon being 57 meV). After a fast relaxation
into triplet states, the excited states of both kinds of
quantum wires could decay directly or by emitting a 4
phonon. Therefore, this model can only explain exactly
three steps in the spectrum: the zero-, the one-, and
the two-phonon step. It was shown theoretically that
the phonon-assisted transitions should have a 3—10 times
higher oscillator strength than the zero-phonon transi-
tions. Temperature efFects on the step structure are not
discussed.

In this paper, we present experimental results concern-
ing the photon structure and examine whether this struc-
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ture is an intrinsic effect of the eKcient luminescence in
por-Si and can therefore be used to settle the questions
concerning the basic PL mechanisms in por-Si. Since the
phonon structure only occurs at low excitation energies
and with very low quantum efFiciency, it seems likely that
it is caused by a different PL mechanism which only be-
comes visible when it is not covered by the much more
e%cient usual luminescence in por-Si.

II. EXPERIMENT

We have investigated two types of por-Si samples: sam-
ples made of n-type Si wafers (P doped, 1.5 0 cm), which
had been etched with 50 mA/cm for 10 min, and samples
made of p-type Si wafers ( 20 0cm) of 80% porosity,
etched with about 20 mA/cm~ anodization current. In
this text, we are referring to these samples as n type and
p type. For comparison, we have also measured anodized
amorphous silicon obtained from a 2-pm-thick boron-
doped layer of hydrogenated amorphous silicon. Details
of the preparation of this anodized a-Si:8:H sample are
given in Ref. 9. All samples were stored in air for more
than 1 yr and showed a bright orange luminescence visi-
ble to the naked eye when illuminated by a weak uv lamp
at room temperature (quantum efficiency of the por-Si
samples was about 10%).

In order to obtain a free-standing film of the n-type
sample for the optical absorption measurements, we re-
moved the top Si02 layer with hydrofluoric acid and then
put a transparent self-adhesive tape onto the surface.
When removing the tape, a closed free-standing Blm of
about 40 pm thickness stuck to the tape, which showed
bright orange luminescence when illuminated from ei-
ther side by a weak uv lamp. The remaining substrate
showed the luminescence too. The absorption coeKcient
was measured by photothermal deHection spectroscopy
(PDS); the signal was corrected for the absorption of the
adhesive tape. Immediately after the absorption mea-
surement, the PL activity of the layer was unchanged. A
few days later, however, it had disappeared. Then the
absorption of the layer was measured again.

For excitation of the PL spectra, Kr+, HeNe, and
Ti:A1203 lasers were used. The blue part of the PL
excitation measurements was taken using a xenon arc
lamp with a monochromator. Usually, the excitation
power was around 300 mW/cm2. The detection sys-
tem was either an optical multichannel analyzer system
with a gated light intensi6er stage and a single monochro-
mator or a gated photomultiplier system with a double
Inonochromator. All spectra were corrected with respect
to the particular system response. In this paper, we show
both spectra that were taken during cw laser excitation
(cw spectra) and time-delayed spectra where the laser
beam was chopped with 100 Hz with an on-off ratio of
1:2 and the spectrum was recorded starting a delay time
T after laser shutoff. Typical delay times were 10 p,s,
200 ps, and 1.2 ms with detection windows of 200 ps,
1000 ps, and 4200 ps, respectively.

III. B.ESU LTS

A. General

B. PI excited at difFerent energies

When varying the excitation energy, the peak of the PL
spectrum is shifted too. As can be seen in Fig. 3, there
is a Stokes shift of more than 2 eV between the laser line
and the PL maximum when exciting above 4 eV. When
exciting at energies below 2.1 eV, the peak of the PL
spectra stays almost constant (between 1.5 and 1.6 eV)
and the Stokes shift decreases to values below 0.2 eV. At

600
300 K
2K

g 400

CU

~~

200

0
1.4 1.5 .1.6 1.7

Energy (ev)

I IG. 1. Typical luminescence spectra of por-Si under reso-
nant excitation {1.833 eV) at room temperature and at 2 K.

Figure 1 shows typical PL spectra of a por-Si sample
which is excited resonantly. The room temperature spec-
trum shows a PL at energies above the excitation energy,
the anti-Stokes tail. The low-temperature PL spectrum,
on the other hand, starts with a sharp onset about 6 meV
below the the laser energy. It shows a steplike phonon
structure.

The PL spectra of por-Si are excited most efFiciently
when using photon energies between 2 and 5 eV (see
Figs. 2 and 3). Further lowering the excitation energies
results in a rapidly decreasing quantum yield. The opti-
cal absorption (determined by PDS) of a self-supporting
por-Si film obtained from the same sample, however, does
not show a decrease of the same order of magnitude (see
Figs. 2 and 4). For comparison, we have included the
results published by other groups in Fig. 4. In contrast
to the results in Ref. 11, the data in Fig. 4 are not cor-
rected for the porosities of the samples and thus show
an effective macroscopic absorption coefFicient o,,g. Note
that the results published by difFerent groups and ob-
tained from different samples can vary by more than one
order of magnitude. Therefore it is important to correct
the PL excitation spectra by the absorption coeKcient
measured on the same sample.
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FIG. 2. Low-temperature photoluminescence excitation
spectrum of the n-type sample. The detector was scanning
from 2.1 to 1.4 eV simultaneously with the excitation source
and always detecting the peak of the luminescence. Since
the thin por-Si layer becomes increasingly transparent when
lowering the excitation energy (compare the absorption coef-
ficient plotted in this graph; see also Fig. 4), we show with
the dashed line a PL excitation spectrum that is corrected for
this effect.
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FIG. 3. Low-temperature PL spectra of n-type por-Si with-
out delay. The spectra were scaled according to their quan-
tum efBciency determined from PL excitation measurements
at the same temperature (see Fig. 2). The excitation. energies
are marked by straight lines and are labeled.

the same time, the PL eKciency goes down by orders of
magnitude, as shown in Fig. 2, and the step structure
becomes visible. The lower the overall PL intensity, the
more pronounced the steps become. In Fig. 3, the spectra
were scaled according to their peak quantum eKciency.
There is always PL between 1.4 and 1.8 eV, no matter
what particular energy was used for excitation.

In Fig. 2, we show the excitation spectrum obtained
from the n-type sample. Since the peak position of the
PL spectra depends on the excitation energy (see Fig. 3),

FIG. 4. Eff'ective absorption coefBcient (not corrected for
porosity) of a free-standing por-Si film obtained at room tem-
perature from the n-type sample using PDS (see Sec. II). The
dashed line is a measurement taken from the same Glm a few
days later when it did not luminesce any more. For compar-
ison, we also plot the absorption coefBcient of crystalline Si
and the results from Ref. 21 (sample 4), Ref. 22 (sample W),
and Ref. 3 (sample It) and show the results obtained from a
p-doped sample with 70%%uo porosity (sample E). The Urbach
energies for the diferent samples (defined by Eo = s &

~&
l ) are

as follows: fresh sample, 400 meV; oxidized sample, 340 meV;
sample 4, 600 meV; sample W, 420 meV; sample E, 260 meV;
sample K, 180 meV.

we moved both the detector and the excitation source si-
multaneously. The PL excitation spectrum shows that
the PL in our por-Si samples is excited most efhciently
by laser energies between 2.5 and. 5 eV. At lower energies,
the porous layer is penetrated by the excitation light and
most of the light is absorbed in the Si substrate. There-
fore one has to correct the external quantum yield for the
energy-dependent absorption of the porous layer. The
corrected quantum yield is shown in the PL excitation
spectrum (Fig. 2) as a dashed line.

The phonon steps can also be detected in the PL ex-
citation spectra. As the laser is scanned, difI'erent parts
of the PL spectrum appear at the detection energy. Fig-
ure 5 shows an example of such a PL excitation spectrum,
which was detected at E = 1.512 eV. Since the PL is
excited more efBciently at higher energies, this spectrum
covers more than two orders of magnitude in PL inten-
sity. The lower part of Fig. 5 shows the second derivative
of the PL excitation spectrum in order to accentuate the
position of the steps (see Sec. IIIE).

C. Anti-Stakes tail

%'hen exciting resonantly, we find a luminescent tail
on the high-energy (anti-Stokes) side of the laser at room
temperature (see Fig. 1). This tail can be described by

I(@) oc e l exc)/( s )
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FIG. 5. Upper part: phonon structure observed in PL ex-
citation at 15 K. The detector was at 1.512 eV and the laser
power was about 300 mW/cm . Lower part: second deriva-
tive of the graph above.

for all temperatures between 400 K and 20 K (see Fig. 6).
I is the luminescence intensity, E the detection energy,
E „-tthe laser energy, k~ the Boltzmann constant, T the
sample temperature, and a a constant that is larger than
1. In most of our measurements, we find values around
a = 1.4+0.1. There is no difference between time-delayed
and cw measurements.

D. PL close to the energy of the laser line

As can be seen in Fig. 1, the high-energy side of the PL
spectrum changes when reducing the sample temperature
from room temperature to 2 K. The anti-Stokes tail dis-

FIG. 7. PL spectrum of the n-type por-Si sample at the
low-energy side of the laser line (1.833 eV). The spectral gap
of about 6 meV is filled at temperatures as low as 20 K. At
the same temperature, one can see the anti-Stokes tail.

appears completely and on the Stokes side, the spectrum
is narrower and shows the phonon structure reported in
Refs. 5—7. Furthermore, the onset of the PL spectrum is
about 6 meV below the laser line. Figure 7 shows how
the shape of the PL spectrum changes when raising the
sample temperature up to 25 K: the gap in the spectrum
between the 2 K PL onset and the laser line is filled at
low temperatures and disappears at temperatures above
T = 20 K. We calculate the activation energy for the
luminescent states in this spectral gap for temperatures
between 4 and 25 K (see Fig. 8). This activation energy
of around 1 meV is considerably lower than the width of
the spectral gap itself.
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FIG. 6. PL spectrum of the n-type por-Si sample on the
high-energy side of the laser line (anti-Stokes tail) at difFerent
temperatures. The straight lines are fits according to Eq.
(3.i). Z,„.;,=l.333 eV, n=l. 5.
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FIG. 8. The fraction of luminescent states within the spec-
tral gap (see Fig. 7) is determined as shown in the left part of
the figure. The values thus obtained lie on a straight line in
an Arrhenius plot. The activation energy of these luminescent
states is determined from its slope.
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E. Step onset energies PL Energy (eV)
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On the low-energy side of the laser, we find the previ-
ously reported steps in the PL spectrum. In all samples,
there are at least four steps (including the zero-phonon
step directly at the laser energy) with an energy distance
of 56+1 meV between each step, starting about 6 meV
below the laser energy at low temperatures. In order to
determine these step onset energies more precisely, we
plotted the second derivative of the smoothed spectra.
As indicated in Fig. 9, the second derivative shows four
clearly visible maxima exactly at the positions of the on-
sets of the steps. A numerical check shows that there is no
significant shift of the thus obtained step onset energies
due to the curvature of the underlying main luminescence
peak.
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FIG. 10. Upper part: PL spectrum of' the n-type sample at
difFerent temperatures, cw excited at 1.960 eV. Lower part:
second derivative of the smoothed spectra. The step onset en-
ergies in the high-energy part are dominated by the temper-
ature-dependent phonon structure with a period of 55 meV,
whereas the low-energy regime is dominated by the PL fine
structure (see also Fig. 13) with a periodicity of 61 meV.
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Comparing PL spectra taken at difFerent temperatures,
we find a monotonically increasing shift of the onset ener-
gies of the zero-, one-, two-, and three-phonon transitions
towards higher energies with increasing temperature, as
can be seen in Fig. 10 (one-, two-, and three-phonon tran-
sition) and is illustrated in Fig. 11. 'Ihis observation is
consistent with both the filling of the spectral gap and the
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FIG. 9. Upper part: PL spectra of (a) the n-type sample
at 50 K and (b) the p-type sample at 10 K, taken with a delay
of 10 ps and an excitation energy of 1.833 eV. Lower part: the
second derivative of the smoothed spectrum has maxima at
the step onset positions of the spectrum. Within experimental
error, these step onset positions have a constant distance of
about 56 meV. Note that the first onset energies (44 meV and
57 meV) are different from 56 meV because of the spectral gap
close to the laser and the temperature-dependent shift of the
phonon structure towards the laser (see Fig. 11).
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FIG. 11. Shift of the step onset energies with respect to
their position at 10 K. At this temperature, absolute step on-
set energies Eo are E~, , —57 meV, E~ „,—112 meV, and
E~, , —172 meV for the one-, two-, and three-phonon tran-
sitions, respectively. The spectra were taken with the p-type
por-Si sample with a delay time of 25 ps and a detection win-

dow of 500 ps. The solid line is the expected shift of the step
onset energies according to the theory outlined in Ref. 5.
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anti-Stokes tail mentioned above. The filling of the spec-
tral gap occurs at temperatures below 20 K and explains
the high slope in this region in Fig. 11. At temperatures
above 20 K, the exponential tail at the anti-Stokes side
of the laser builds up and has a counterpart at each of
the steps causing their apparent onset energies to shift
towards the blue. This explains the low-slope region of
Fig. 11 above T = 30 K.
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In some cases, we were able to see a diB'erent structure,
the so-called fine structure of the PL spectrum in our
samples. It has already been observed several times and
is described in Refs. 12—15. Its origin is still unknown,
but interference efFects can be ruled out. %'e find that it
can be present both when exciting resonantly and when
exciting with blue laser lines. It does not make a difFer-
ence whether the spectra are taken continuously or time
delayed. Figure 10 shows a superposition of the phonon
structure with the fine structure. The periodicity of the
fine structure and the phonon structure is difFerent. Note
that the fine-structure peak spacing of 60+1 meV is close
to the maximum in the phonon density of states (DOS) of
crystalline Si (61 meV) or amorphous Si (59 meV). The
50 K spectrum in Fig. 12(b) also shows the fine struc-
ture. We find neither a temperature dependence nor a
dependence on the excitation energy of the fine struc-
ture peak positions. In addition, they are the same for
all samples as illustrated in Fig. 13. This fine structure
can only be seen under certain conditions, which we can-
not reproduce completely. Temperatures between 10 and
60 K seem to be favorable as well as a long precooling
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FIG. 13. Energies of the 6ne-structure peaks taken from
various samples. The results for sample R are extracted from
Ref. 14 and the results for sample A from Ref. 12; samples I'
and G are p-type samples and sample I is n type. The energies
given with the samples denote the excitation energies. The
horizontal lines have a constant distance of 61 meV. The fine
structure is only present in the spectra of the samples under
certain conditions (see Ref. 15).

10

time of the sample in the cryostat. Cycling the temper-
ature between helium and room temperature causes the
efFect to disappear. One of the authors has seen the fine
structure even at room temperature using grazing angle
incidence for excitation.

The origin of the fine structure is even less clear than
the mechanism of the efBcient room temperature PI. in
por-Si and has been subject to discussions in the litera-
ture, e.g. , in Ref. 15. Residues Rom the chemicals used
for etching the por-Si samples might play a role.
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FIG. 14. Temperature dependence of the PL intensity of
the n-type sample at difFerent delay times.
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G. PL dependence en temperature and delay time

The temperature dependence of the PL spectra shown
in Fig. 14 is different at long delay times kom short times
after laser shutoff. Figure 10 shows how a PL spectrum
(taken in the cw mode) depends on the sample temper-
ature. When raising the temperature &om 25 to 60 K,
the overall luminescence intensity increases and simul-
taneously all steps become less pronounced. A similar
behavior can be found in Fig. 12. Figure 12(a) shows PL
spectra taken 10 ps after excitation and the spectra in
Fig. 12(b) are taken 1.2 ms after excitation. All spec-
tra are scaled to the same maximum intensity; the scal-
ing factors are presented in the legends. In Fig. 12(b),
the steps can be seen more clearly than in Fig. 12(a),
although the PL intensity after 1.2 ms is considerably
weaker than at short delay times.

IV. DISCU SSION

Summarizing the results, we find efficient PL and spec-
tra which show one broad structureless peak with an en-
ergy between 1.6 and 2.0 eV when exciting at energies
above 2 eV (see Figs. 2 and 3). When reducing the
excitation energies &om 2 eV to about 1.6 eV, the lu-
minescence eKciency (even when corrected for varying
optical absorption) decreases by more than two orders of
magnitude and features such as the phonon structure or
the anti-Stokes tail become visible. Also, for a fixed ex-
citation energy, when looking at longer delay times (e.g. ,
in Fig. 12 with a delay of more than 1 ms), the lumi-
nescence intensity decreases by more than one order of
magnitude when compared to a delay of 10 ps, but the
low-temperature phonon steps can be seen more clearly
[comparing Fig. 12(a) with Fig. 12(b)]. The steps are
not scaled down with the same scaling factor as the over-
all luminescence background. Therefore the steps seem
to be caused by a process with a slightly longer decay
time, which would be expected, e.g. , for indirect transi-
tions.

One way to explain these observations is to assume
that there are two processes which simultaneously cause
the low-temperature luminescence in por-Si. Process I
is the known, very efBcient process, which is mainly in-
voked by excitation above 2 eV and which is present at
all temperatures up to room temperature. It has a Stokes
shift of 0.4—2 eV and its light emission covers a wide en-
ergy range, which always contains the energies between
1.4 and 2 eV (see Figs. 3 and 1). The other process,
process II, can only be detected when it is not hidden
under the much brighter usual luminescence of the same
energy. It can be seen most clearly when exciting at ener-
gies below 1.8 eV or when exciting at slightly higher en-
ergies and looking after a long delay time, i.e., when the
usual luminescence is suppressed. At low temperatures,
it shows a phonon structure with more than three steps
(including the zero-phonon transition) which are sepa-
rated by a constant difference in energy of 56 + 1 meV.

To find out which of these two processes is related to
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FIG. 15. PL spectra of partially oxidized amorphous sili-
con (anodized a-Si:B:H) and n-type por-Si. The spectra are
normalized. The anodized a-Si:B:H sample is luminescing less
efBciently than the por-Si sample by about one order of mag-
nitude. (a) shows room temperature PL spectra excited in
the uv and the spectra in (b) are measured at He tempera-
ture under resonant excitation.

crystalline silicon as the luminescent agent, we recorded
the PL spectra of a sample made out of amorphous silicon
(anodized a-Si:B:H):Fig. 15(a) shows that the spectra of
por-Si and anodized a-Si:8:H obtained at room tempera-
ture under uv excitation are similar, whereas the spectra
obtained at He temperature by excitation below 2 eV
[Fig. 15(b)] are completely different. The anodized a-
Si:8:H sample does not show any phonon structure or a
spectral gap. Apparently process II, which accounts for
the luminescence of por-Si when excited below 2 eV, is
not present in this sample. The peak of the PL spec-
trum has a much smaller Stokes shift (only = 35 meV)
and can be interpreted as the low-energy tail of process I.
Therefore we conclude as a erst major result of this work
that the weak low-energy PL of porous Si, which exhibits
the phonon structure (process II), most likely constitutes
a separate radiative process linked to the crystalline Si
skeleton, but is not directly connected to the strong pro-
cess I giving rise to the visible luminescence at room tem-
perature.

Next we discuss the possible origin of the phonon struc-
ture in process II. The erst three phonon steps in the PL
spectra are predicted correctly by the model of Calcott
et al. as described in the Introduction. The detection
of more than three steps in the phonon structure (see
Fig. 9) remains unexplained as well as the fact that the
phonon -substeps (see Figs. 5 and 3) are visible only
when exciting below 1.8 eV. On the other hand, as sum-
marized in Table I, the observed characteristic phonon
energy of 56+1 meV is best explained via k-conserving
TO(E) phonons in crystalline Si.

The model of Calcott et al. ' does not discuss any ef-
fects of elevated temperatures. Suemoto et al. , on the
other hand, include infIuences of the temperature T on
the absorption coefficient in two ways. First, the absorp-
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Energy Reference Assignment
meV

65 23 maximum
61 23 maximum
61+1 ex eriment

phonon energy in crystalline Si
phonon DOS in bulk Si

p ally determined
Bne-structure periodicity
maximum phonon DOS in a-Si:H
depending on hydrogen content
TO(A) phonon in crystalline Si
experimentally determined
periodicity of phonon structure
LO(A) phonon in crystalline Si
experimentally determined
energy shift of the phonon substeps
local maximum phonon DOS in a-Si:H
TA(A) phonon in crystalline Si

59+1 24

2557.3
56+1

55.3
20

25

20
18.2

TABLE I. List of phonon energies possibly related to the 6ne structure or to the phonon structure
sn por-Si.

tion of every single luminescent particle is affected by T
via the Bose factor. This has almost no effect on the step
onset energies. Second, thermal excitation can cause par-
ticles to emit at higher energies than their ground state
energy. Therefore, a whole ensemble of particles of dif-
ferent sizes can emit at a certain detection energy with a
probability which depends on the amount of thermal ex-
citation (Boltzmann-distributed) necessary to match the
detection energy.

In order to compare our results with the predictions
of this latter model, we calculated the spectra and the
absorption coeKcients for temperatures between 10 and
80 K using the distribution function and the fit parame-
ters from Ref. 5. We always used formula (5) in Ref. 5,
even for low temperatures. Then we smoothed these
spectra and calculated the second derivative using the
same algorithm as used for our experimental data. The
results for the shift of the step onset energies are shown
in Fig. 11. Their temperature dependence is weaker than
the experimental one. The main difference between the
experimental data and the expected temperature depen-
dence is due to the disappearance of the spectral gap
directly at the laser line between 2 and 30 K (cf. Fig. 7).
Based on our experimental results in Figs. 6, 7, and 11,
we suggest the following explanation for the temperature
dependence of the phonon structure. At Rnite temper-
atures, occupied states both at the laser energy and at
lower energies are further excited thermally and give rise
to the exponential anti-Stokes tail on the high-energy side
of the laser as well as to similar shifts of the step onsets
on the low-energy side.

Independent measurements with optically detected
magnetic resonance have shown that the light emitting
transition in por-Si originates from a well-defined triplet
state. In this context, the assumption of an enhanced
exchange splitting (& 6 meV) of localized excitons, out-
lined in Ref. 7, seems to be reasonable and explains the
presence of the spectral gap shown in Fig. 7: the upper
state, the singlet state, was excited and either decays im-
mediately or relaxes to a longer lived triplet state that

is at least 6 meV below the singlet state. This is further
con6rmed by independent measurements of the lifetime
of the luminescent states at 1.6 eV, which sHow a jump
&om 10 ms at 10 K to about 200 ps at T )60 K. The be-
havior of this spectral gap around 20 K, however, is not
easily explained by this theory. If there are states that
start to decay radiatively after activation by thermal en-
ergies as low as 1 meV (see Sec. IIID), they can only be
explained by assuming pairs of states within the spec-
tral gap which are split by about 1 meV and for which
the radiative transitions &om their lower levels are for-
bidden. In contrast to the aforementioned triplet states,
radiative transitions out of these states do not occur at
temperatures below 5 K.

As described above, there is a difference in the lumi-
nescence properties of por-Si when excited above or be-
low about 2 eV: when switching from process I to pro-
cess II (see above) by reducing the excitation energies to-
wards 1.6 eV, the photoluminescence eKciency decreases
rapidly and the step structure becomes visible. The ab-
sorption coefFicient o. of the por-Si layer, however, follows
the same exponential law

cr(Z) ~ e~~~' (4.1)

with Ep = 404 meV for E ranging &om 0.8 to 3.2 meV
and does not show any features around 2 eV (see Fig. 4).
It follows that the change of the PL properties at 2 eV
only affects the radiative and nonradiative recombination
mechanisms and not the absorption. It is particularly in-
teresting to note that the absorption spectra show only
little changes upon aging. There is only a slight decrease
of the band gap due to oxidation, whereas the PL de-
creases by more than two orders of magnitude. This
shows that there is no direct relation between PL and
absorption in por-Si. The PL quenching due to the slow
room temperature oxidation can be understood by com-
paring with well-investigated effects of thermally oxidiz-
ing porous silicon at temperatures between 200 C and
600 C. ' There it was concluded that dangling bonds,
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which act as eKcient noradiative recombination centers
and thus quench the luminescence, occur as a conse-
quence of incomplete oxidation of a previously hydrogen-
terminated inner surface. The anticorrelation between
electron spin resonance spin density and luminescence
intensity at 300 K has been shown, e.g. , in Ref. 20. In
the PDS spectra of Fig. 4, the defect absorption of these
10 —10 defects cannot be seen due to the strong ab-
sorption of suboxide band tail states.

eKcient and dominates the PL spectra when exciting at
energies above 2 eV and one that shows a phonon struc-
ture and can only be seen when the erst one is suppressed.
Only the efBcient luminescence mechanism can be seen
at room temperature. The attempt to take the phonon
structure as a proof for crystalline silicon being the source
of the luminescence in por-Si (as done in Ref. 6) therefore
only concerns the weaker PI mechanism.
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