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Two important observations for porous silicon, the saturation and the voltage selective quenching of
photoluminescence, are presented. Their similarities are pointed out and discussed in two phenomeno-
logical models: the saturation of the absorption and an Auger effect. The consequences of carrier accu-
mulation in quantum crystallites are emphasized in both cases. The rate of Auger recombination in
quantum crystallites is calculated theoretically and is compared to experiments. The importance of the
Auger effect is then checked in the mechanisms of the voltage tunable electroluminescence.

I. INTRODUCTION

Since the first experimental results concerning intense
visible photoluminescence (PL) obtained on highly
porous silicon layers were published,! a great deal of
work has been devoted to the understanding of this prop-
erty. Different physical origins have been proposed.
Among these hypotheses, the quantum confinement of
free carriers, taking place inside the interconnected sil-
icon nanocrystallites’? forming the body of the highly
porous silicon layers, seems at present to be most sup-
ported.

The quantum confinement model has been extended for
a description of the nonradiative processes® (W,,), and to
explain the efficient electroluminescence (EL) obtained
when carriers are supplied by an electrolyte and by the
silicon substrate under polarization.* The aim of this pa-
per is to show that effects consisting of a selective voltage
PL quenching’ as well as the observation of a PL intensi-
ty saturation can be seen as illustrations of the carrier ac-
cumulation in quantum crystallites leading to a reduction
of the absorption coefficient or a strong enhancement of
the nonradiative recombination rates. Simple phenome-
nological models are suggested for both hypotheses, and
an Auger process is proposed for a quantitative explana-
tion. This idea is then extended to a revisitation of the
voltage tunable electroluminescence phenomenon.

II. EXPERIMENT

A. Experimental procedures

In this paper we will describe mainly two types of ex-
periments: the voltage quenching of PL (VQPL) and the
saturation of PL (SPL). For VQPL experiments porous
silicon is obtained by electrochemical etching of lightly
doped n-type (8.10'*/cm’) substrates. The electrolyte is a
3:5:2, hydrofluoric acid (HF)-(49wt%):ethanol:deionized
water mixture. The front side of the sample is illuminat-
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ed by a tungsten lamp (40 mW/cm?) in order to provide
the hole concentration necessary for a nanoporous-type
layer formation. With this procedure, homogeneous lay-
ers were obtained for thicknesses up to 1 um. Immedi-
ately after anodization, the HF electrolyte is evacuated,
and the sample rinsed in deionized water and then put
into a 1M aqueous solution of sulfuric acid. A negative-
potential scan was then applied vs a reference standard
calomel electrode (SCE) at 25 mV/s. The continuous-
wave-excited PL obtained under an excitation of a 458-
nm line of an argon laser is then recorded using an opti-
cal multichannel analyzer.

For SPL experiments different lightly doped p-type
samples with different porosities (from 65% to 80%), as-
formed or anodically oxidized, fresh or two years old,
with thicknesses varying from 0.1 to 40 um were used. In
order to avoid thermal effects, we used N, laser excitation
(excitation well above the band gap: A=337 nm) with a
pulse width of 3 ns and a repetition rate of 20 Hz. The
temporal resolution of the analysis chain was about 5 ns.
The laser beam was unfocused (area =0.7 cm?) or slight-
ly focused (area ==0.2 cm?) when higher excitation densi-
ties were required. The maximum beam energy was of
about 125 uJ/pulse, and we changed it using a set of cali-
brated attenuators. All measurements were made at room
temperature.

Figure 1 shows a typical time evolution of the PL
which follows a short pulse excitation. This particular
plot clearly shows two components which have indepen-
dent dependences against various parameters:® a fast
component with a lifetime less than 20 ns and a much
slower component. The PL intensities of these two com-
ponents are defined by their respective areas under the
PL time evolution curve (see Fig. 1). A shape analysis of
the fast component is beyond our experimental possibili-
ties. Concerning the slow component, its decay versus
time f (¢) is not exponential, but quantitative analysis can
be performed through the mean lifetime:
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FIG. 1. A typical PL (detected at 700 nm) time evolution fol-
lowing short pulse excitation. The unusual log time axis has
been used to emphasize the two different components.

— L
f(0)

where f(0) is the intensity just after the pulsed excitation
(practically 100 ns after the pulse excitation in order to
cancel the effect of the fast component).

Mean lifetime measurements provide a powerful tool
for the study of the mechanisms at the origin of visible
light emission from porous silicon.®> The mean lifetimes
are long (for good samples at room temperature in the
range of us to ms) and show a high sensitivity to parame-
ters as different as the level of passivation or the tempera-
ture, for example. It has been shown that this sensitivity,
at room temperature and above, is mainly due to the vari-
ation of the nonradiative processes. However, as sensi-
tive as this technique can be, it is limited by the time
resolution of our experimental setup. That is to say that
very efficient quenching processes giving rise to lifetimes
shorter than this time resolution will not be seen in the
time domain.

For the SPL experiments, it is important to control the
amount of light absorbed. This is usually performed by a
transmission measurement, but cannot be used here be-
cause the porous layers are attached to the opaque silicon
substrate. We have discovered that a simple photoacous-
tic’ technique is convenient for this purpose. A typical
audible photoacoustic signal detected by a commercial
microphone (bandwidth 20 kHz) is shown in Fig. 2. The

ff(t)dt R

Photoacoustic signal (arb. units)
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FIG. 2. Typical photoacoustic signals generated by short
pulse excitation of a 65% porosity layer in ambient air. The
two curves, obtained with two different excitation powers, have
the same shape, and have amplitudes proportional to the excita-
tion intensity.
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FIG. 3. Left part: PL intensity as a function of the applied
voltage (referred to the saturated calomel electrode) for various
luminescence energies (from left to right: 2, 1.88, 1.77, 1.68,
1.59, 1.51, 1.44, and 1.35 eV). Right part: Simultaneous mea-
surement of the PL intensity and decay time recorded at 700 nm
as a function of the cathodic potential. The fit of the intensity
corresponds to the law Ip; < exp(—eV /s) with s =40 meV. For
the lower curve, the continuous line is just a guide for the eyes.

temporal evolution cannot be used for physical informa-
tion because of the limited bandwidth of the microphone,
but its peak-to-peak amplitude is directly proportional to
the absorbed light. In addition, we have verified that the
photoacoustic technique is very well suited for the study
of the porous material: the signal is emitted by the
porous layer and not from the substrate.

The fast PL component can also be used to monitor the
porous layer absorption. The blue luminescence is prob-
ably due to a kind of color center® located in the Si oxide
interface. Its excitation is in fact a good probe for the
light absorption.

B. Experimental results

1. Voltage selective quenching of the PL

An analysis of the voltage tunable EL and the voltage
selective quenching of the PL has already been done;® it
has pointed out the importance of the selective injection
of carriers. Figure 3 shows the very efficient voltage
selective quenching compared with the relative stability
of the mean lifetime. An important observation is the
voltage selectivity shown in the left part of Fig. 3. The
various curves of the PL intensity versus the applied volt-
age are well fitted® by carrier statistical laws, which indi-
cates that the carrier injection is at the origin of the
quenching.

An analysis of how the carrier injection can affect the
PL efficiency has already been done in Ref. 8, and here
we will just recall the hypothesis, which can also be used
for the analysis of the saturation effect discussed in Sec.
IIIB2. A possible explanation could be the decrease of
the number of optically active sources as a result of the
electron accumulation (driven by the cathodic bias) into
the Si nanocrystallites, which can make these entities
transparent to the excitation wavelength. If we consider
a Si nanocrystallite without an external bias, the confined
electronic levels are unoccupied and excitation absorp-
tion is possible, giving rise to the observed orange-red
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PL. Once the electronic levels are occupied due to the
electron flow coming from the substrate, it is no longer
possible to photogenerate an electron-hole pair, the exci-
tation is no longer absorbed, and this crystallite becomes
optically inactive. Another possibility is a strong
enhancement of the nonradiative processes which can
have two origins: (i) An increase of the nonthermalized
carrier escape probability across the energy barriers sur-
rounding the Si nanocrystallites; this barrier modification
being induced by the cathodic polarization. (ii) An
Auger process taking place as soon as a carrier is added
(by electrical injection) to an electron-hole pair photogen-
erated in a crystallite.

2. The PL saturation

Evidence of the intensity saturation of PL is given in
Fig. 4, where the luminescence intensity varies linearly
for low intensity excitation and saturates at higher flux.
In this figure the other important information is the sta-
bility of the mean lifetime under the same excitation vari-
ation. Similar curves are also observed for very thick
samples such as a 10-um 65% anodic oxidized sample or
a 40-um self-supported one. The intensity saturation of
the PL of porous silicon has already been reported,® but
with cw excitation and without information on the decay
times. Figure 5 provides information about the same exci-
tation range: the photoacoustic signal and the fast com-
ponent of the PL both have a linear dependence in the
full range of the excitation. As previously pointed out,
this indicates that light absorbed by the porous layer is
still a linear function of the incident light intensity. Here
we have to point out that the absorption linearity is only
valid within our excitation range, in contrast to what has
been obtained at much higher excitation power by pi-
cosecond laser excitation. 1°

III. DISCUSSION

A. Phenomenological description

There are many possible origins for the saturation and
voltage quenching of the PL. We will focus here on com-
mon explanations justified by large similarities in the two
phenomena. Sample heating is the first simple hypothesis
to consider. It is well known that the PL decreases when
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FIG. 4. Evolution of the PL intensity and average lifetime
for a 700-nm wavelength as a function of the energy of pulse ex-
citation (for 1-um 65% anodic oxidized sample).
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FIG. 5. Comparison of the PL intensity (for the slow and fast
components) and the photoacoustic signal as a function of the
excitation intensity for 1-um 65% anodically oxidized sample.

the temperature increases above room temperature, but
this is associated with a shortening of the lifetimes.> A
shortening of the lifetime has not been observed during
the quenching or saturation, so this explanation can be
excluded except if, for the saturation effect, the heating
and cooling cycle is short enough to occur during the ex-
citation pulse. This can happen when the thin porous-
silicon layer is in contact with the bulk substrate, which
acts as a heat sink. As previously pointed out the same
saturation effect has been observed for very thick and
free-standing layers, so this hypothesis can be eliminated
definitively. In addition, considering the simple and lim-
iting case where all the excitation energy is transformed
into heat during a = 125-uJ short pulse focused on 0.20-
cm? surface of a 1-um-thick porous layer (of 80% porosi-
ty), a simple calculation gives a temperature increase of
AT=15 K. This is not sufficient to induce a noticeable
quenching of the PL. Finally, a temperature increase is
known to induce a redshift of the porous layer emission.
Conversely, as shown in Fig. 6, the PL saturates along
with a blueshift (this fact has already been pointed out in
Ref. 9).

We propose two other possible mechanisms for the PL
saturation and PL quenching: (i) a selective saturation of
the absorption which affects the luminescence part of the
porous silicon, and (ii) an Auger effect which strongly in-
creases the nonradiative recombination rates. In the two
cases we will adopt, as a first step, a phenomenological
approach for an analysis of their consequences.
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FIG. 6. PL spectral dependence on the excitation intensity
for an anodically oxidized porous layer of 65% porosity and 1-
pm thickness.
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1. The selective absorption saturation

Porous silicon is an inhomogeneous material. A max-
imum of 5% of its PL quantum efficiency obtained for
very good samples indicates that a large proportion of the
material is nonluminescent. So we will idealize the ma-
terial by considering only two phases: the luminescent
(L) and nonluminescent (NL). We will suppose in addi-
tion that the absorption of the L centers, hidden by the
NL centers, is the only one to saturate at moderate flux,
and this is the meaning of the expression “selective ab-
sorption saturation.” Briefly, this description follows the
idea of a material made up of a distribution of a small
quantity of well-passivated crystallites (with small W)
embedded in a large amount of badly passivated crystal-
lites (with large W ).

Detailed analyses of the luminescence dynamics at
high and low temperatures®>!! have shown that the L
centers have high absorption cross sections in the UV
and metastable states in the visible, with luminescence
lifetimes in the range of 10—100 us. An efficient popula-
tion storage can then be expected, leading to a noticeable
depopulation of the ground state when the excitation is
provided by short pulses. Figure 7 shows the optical cycle
for L centers with a strong transition 0— 1* followed by
a fast relaxation to the metastable state 1. The following
rate equations describe this optical cycle:

dNo/dt=—N00'i and N1+N0=N,

where N is the total concentration of optical centers, i the
flux of photons, and o the cross section for the transition
0—1*. Therefore at the end of the excitation pulse, the
number of incident photons (per unit surface) being 7, the
solution of this equation gives a ground-state population
proportional to exp( —o ), and consequently the lumines-
cence intensity Ipy is

Ipp < 1—exp(—ol) . (1)

In fact this expression is valid in the small absorption
condition; for samples of thickness / the attenuation of I
(due to the absorption by the NL centers) has to be taken
into account so the intensity of luminescence Ip; be-
comes

IPLocfOI{I—exp(—oIOexp[—ax])}dx , @

where a is the absorption coefficient of the porous layer.

1-)(-

0]

FIG. 7. Simple energy diagram showing the absorption from
ground state to an excited state followed by a fast relaxation to
the luminescent metastable state.
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FIG. 8. Saturation of the PL for four samples of different

thicknesses, and for the best fit following expression (2) with the
parameters written inside.

Equation (2) can be used to fit the experimental data ob-
tained for samples of 80% porosity and of various
thicknesses. If we suppose that the L and NL centers
have the same cross section o, another useful parameter
is the density of absorbing centers n =a /0.

Figure 8 shows the experimental results and their best
fit using a realistic 3X 10*-cm ™! absorption coefficient!?
and an absorbing center concentration n =0.8X10!®
cm 3. This result gives us confidence in our phenomeno-
logical approach; in addition, it provides a natural ex-
planation for the stability of the lifetimes. Nevertheless,
recall that our purpose was to find a common explanation
for the PL saturation and PL quenching. The above
model is only valid for the PL saturation, but it has the
advantage of showing the following: Any model adapted
to the quenching phenomenon which leads to an expres-
sion similar to expression (1) will be well suited. The
Auger effect is an example which follows this rule, and
we will develop this point now.

2. Phenomenological treatment of the Auger effect

The idea is quite simple: nonradiative rates can be
strongly enhanced when more excitations than one are
simultaneously present in a crystallite. The Auger effect
belongs to this category, but other mechanisms can be
found, such as the excitation transfer leading to the
fusion of excitation, a common phenomenon in molecular
physics.

Figure 9 shows an optical cycle for crystallites which

| o —

Q —

FIG. 9. Simple energy diagram showing the double excita-
tion of a crystallite followed by an Auger relaxation, while the
metastable state of the singly excited crystallite remains
luminescent.



can be singly or doubly excited. The two-step excitation
process can be generalized to more than two, but this is
not necessary since the Auger process (with rate W)
starts to be very efficient as soon as three carriers (an ex-
citon plus a carrier belonging to another exciton, for ex-
ample) interact. Figure 9 is drawn for the case of the
creation of two excitons, but can easily be modified by
one optically created exciton plus one electrically injected
carrier, which is a scheme more representative of the
voltage quenching of the PL.

During the optical cycle represented in Fig. 9, the pop-
ulation is shared between various states of the crystallites,
while the light is mainly emitted by the singly excited
crystallites (level 1) because the doubly excited state is
quenched by the Auger effect. It is possible to write and
solve the rate equation for this cycle, but it is simpler to
remark that there is a great similarity to the case of the
selective absorption saturation discussed earlier: indeed,
doubly excited crystallites can be seen as nonluminescent
(NL) crystallites; therefore an expression similar to ex-
pression (1) also represents the light emission in the case
of an Auger quenching. It must be noted that in this
model the light absorption which cumulates the first and
second steps has still a linear dependence on the excita-
tion intensity, even in the regime where the emission
starts to saturate.

B. The physical basis of the absorption saturation
and the Auger effect

In the experiments reported in this paper, an important
result has been the high stability of the lifetimes along
with the luminescence quenching and saturation. While
the selective absorption saturation gives an obvious
reason for that, it is not easy to understand why an in-
crease in nonradiative processes (the Auger process) is ac-
companied by a reduction of the lifetimes as is the case
for the Auger effect in bulk semiconductors.!> We be-
lieve that this is another illustration of the confinement
effect. For bulk semiconductors the carriers are all
equivalent, and an increase in carrier density has the
same effect for all carriers. In our case, the statistics are
different; the population of singly excited crystallites
(with small W) and the population of doubly excited
crystallites (with high W, ) both have to be considered,
and the time evolution is the sum of the two contribu-
tions. We will see below that W _ for doubly excited
crystallites, is large enough to give very short decay time
which cannot be resolved by our experimental setup.
Consequently the decays are only representative of the
singly excited crystallites, and a lifetime shortening is not
expected. Conversely, the PL intensity is still strongly
affected by the Auger effect.

1. Possible origins of the selective absorption saturation

The absorption saturation for three-level systems hav-
ing a long-lived intermediate level has been very often en-
countered in systems as different as semiconductors, * or-
ganic and inorganic insulators, > and liquid dyes. Silox-
ene has been proposed as a chromophore naturally

present in porous silicon. Without entering into the con-
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troversy, its molecularlike nature, with an excited triplet
state, makes it a possible candidate, but we will not fol-
low this route since many other arguments have eliminat-
ed it.!s

For semiconductors, the localization of carriers (or at
best the trapped excitons on isoelectronic carriers) (Ref.
17) is the most favorable situation for the absorption sat-
uration. It must be noted that intraband transitions have
also shown this behavior, but at much higher excitation
intensities. !® Taking into account these examples, we be-
lieve that the easy saturation effect (occurring at low exci-
tation intensity) is another illustration of carrier localiza-
tion in porous silicon. In that sense the model of Koch,
Petrova-Koch, and Muschick, !> where the excitation is
trapped in surface states, is certainly a favorable situation
for absorption saturation. But it is not the only situation:
porous silicon seen as a distribution of interconnected
quantum dots has shown its ability to efficiently localize
the carriers. One can argue that, even with nanometric
size, crystallites still have a large number of atoms which
render the saturation as difficult as for the bulk. In fact
crystallites are better described as quantum dots with
finite barriers (a barrier height of 1 eV seems an upper
limit for the electrons, as demonstrated by temperature
measurements'®), so there is a limited number of localized
states in each crystallite. More precisely, taking into ac-
count the orbit valley degeneracy, only p =6 electron-
hole pairs can fit in the ground state of a silicon quantum
dot. It is then easy to take this fact into account by intro-
ducing, in the diagram of Fig. 7, a multilevel excitation.
Expression (1) is then modified by changing o in o /p in
it. Therefore the fit shown in Fig. 8 remains valid, but
with parameters slightly modified. >

2. Orders of magnitude for the Auger efffect in porous silicon

While to our knowledge it is new to invoke an Auger
process for electrical quenching of the photolumines-
cence, the Auger recombination has proved its efficiency
many times, in situations similar to ours. The best exam-
ples are given for excitons trapped on neutral donors or
acceptors in GaP (Ref. 21) and Si??, both indirect-band-
gap semiconductors, or for free carriers in highly doped!?
and lightly doped but highly excited?® silicon, or for gem-
inate electron-hole pairs in amorphous silicon.?*?> More
recently Ghanassi et al.?® have shown that efficient
Auger effect can also occur in II-VI quantum dots.

The Auger effect is a three-carrier interaction where an
electron-hole pair transfers its energy nonradiatively to a
third nearby carrier. Therefore, for bulk semiconductors,
the probability per unit time for an Auger reaction R is
proportional to the product of carrier population con-
cerned in the reaction. For n-type bulk silicon for exam-
ple, R is

R <p(n +N)(n+N),
while for intrinsic semiconductors it is
R < Apn?+Bnp?,

where p and n are the optically created electron-hole pop-
ulation (therefore p =n) and N the majority-carrier con-
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centration. For highly doped semiconductors and in a
small flux condition (#n <<N), R becomes simply
R «<p*N?. Consequently the rate equation for the minor-
ity carrier is

dp/dt =— AN?p ,

which gives an exponential decay and then allows the ex-
perimental determination of the Auger rate constant ( 4).
Dziewior and Schmid!> measured an Auger rate constant
of 1073 cm®s™! while Yablonovitch and Gmitter,?* in
the intrinsic case, deduce a slightly higher value. These
measurements can be used to estimate the Auger effect in
our situation. The silicon quantum crystallites (occupied
by an electron hole pair plus one or two carriers) with
volume V in the order of 1072° cm3 can be seen as a sil-
icon region where the density of carriers is 1/V therefore
the Auger rate is expected to be 10°-10° s71, i.e., 7 in
the subnanosecond range. This Auger decay time is
shorter than our experimental resolution and therefore
can explain why we were not able to detect any
modification of the decay time (as explained in Sec.
III B 1) but just a reduction of the intensity, for the satu-
ration measurements as well as for the voltage quenching
experiment.

However, this estimation of the Auger decay time is a
priori very crude since it assumes that the Auger rate
constant is the same in silicon quantum crystallites as in
bulk silicon. Therefore, we have performed a detailed cal-
culation of the Auger recombination in such confined sys-
tems. Interestingly, we will see that the very simple es-
timation gives the correct order of magnitude for reasons
we want to emphasize.

3. Detailed calculation of the Auger rate
in silicon crystallites

There have been many attempts to calculate the Auger
lifetime in bulk semiconductors.?’” We have made the
calculation in the case of isolated spherical silicon crys-
tallites whose surfaces are terminated by hydrogen atoms
to avoid localized states.?® As usual, the probability per
unit time W =1/7 is given by the Fermi rule?’

4r

h

Sp()|H, ;|*8(E;—E,) . (3)
if

The initial states i correspond to the system with one
electron-hole pair and a third carrier, p (i) being their
probability of occupation. In the final states f, the elec-
tron hole has recombined and transferred its energy to
the third carrier. Assuming determinantal eigenfunctions
for the initial and final states, this many-electron problem
can be reduced to a calculation of matrix elements of the
screened Coulomb potential 1/er involving one-electron
wave functions.?” The summation in expression (3) is over
all possible initial and final states with the constraint of
energy conservation. The simplest case corresponds to
the normal Auger process, i.e., without phonon assis-
tance, where terms in expression (3) are purely electronic.
In the case of bulk semiconductors, there are many non-
vanishing terms following these requirements and one ob-
tains complicated integration in the k space.?’” In the
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case of a crystallite, the situation is completely different
because the energy spectrum is made of discrete levels.
For example, for a spherical crystallite of diameter 3.9
nm containing about 1500 silicon atoms, we have calcu-
lated?® an average spacing between levels of about 10
meV even in energy regions with higher density of states.
Because of the quantization, there is no way to fulfill the
energy conservation rule, since it is impossible to excite
the third carrier with an excitation energy exactly match-
ing the electron-hole pair energy. In consequence, in the
case of a crystallite, there is no purely electronic contri-
bution to expression (3). To obtain nonvanishing terms,
we need to take into account the various possible
broadenings of the electronic levels. Of course, in the
case of porous silicon the crystallites are not isolated;
they are just separated by silicon bridges or silicon oxide
barriers, for example. The broadening induced by these
connections is probably substantial above all in the ener-
gy range far from the band gap, where the influence of
the electronic states of the barriers is at a maximum.
This will be discussed at the end of this section. Another
origin for the broadening is the electron-phonon cou-
pling. Recently,” we have shown that there is a strong
lattice relaxation after the creation of an electron-hole
pair in a crystallite, because it corresponds to the transfer
of an electron from a bondinglike state (valence) to an an-
tibondinglike state (conduction). In the case of the Auger
process, the initial and final states also differ by one
electron-hole pair, and a similar lattice relaxation must
occur. The energy of the relaxation, the Franck-Condon
shift, is between 3 and 15 meV depending on the size of
the crystallite.?’ With such a strong coupling and in the
high-temperature limit (300 K), the Dirac function in ex-
pression (3) is just replaced by a Gaussian whose width is
fixed by the Franck-Condon shift. *°

The calculation is now straightforward. The matrix
element in expression (3) is taken to be independent of the
electron-phonon coupling. The electronic states are
defined by Slater determinants built from one-electron
wave functions. These latter are described in a basis of
localized atomic states following the tight-binding calcu-
lation described in Ref. 29. The advantage of this tech-
nique is that the matrix elements of the screened
Coulomb potential 1/¢er are easily calculated in the basis
of atomic wave functions® because electronic charges lo-
calized on atoms can be reasonably approximated by
point charges. For the dielectric constant, we have used
the bulk silicon value €=11.7, except for intraatomic
Coulomb terms which are evaluated using a g-dependent
£.? 1In expression (3), even at room temperature, only
the initial state with the lowest energy is populated be-
cause of the large level splitting due to the strong
confinement (for degenerate or nearly degenerate levels,
an average Auger lifetime has been calculated). For final
states, the remaining carrier is allowed to explore all the
available levels.

Results for the calculated Auger lifetime are plotted in
Figs. 10 and 11. The scattering of the results is quite large
because the electron-hole energy can be more or less close
to the possible excitation energies of the third carrier.
The Auger recombination, most of the time, is faster than
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FIG. 10. Calculated lifetime for the Auger recombination in
spherical silicon crystallites with respect to the calculated elec-
tronic gap. Here the Auger process involves two electrons and
one hole.

10 ns, i.e., much faster than the calculated radiative life-
time.?® The results are quite close to the crude estimate
made from the bulk silicon Auger lifetime. We can ex-
plain this quite surprising result by the fact that the
electron-phonon coupling is already sufficiently large to
smooth the effect of the quantization. For example, mul-
tiplying the Franck-Condon shift by a factor 10 only
slightly affects the results on the logarithmic scale.
Therefore any other source of level broadening like the
connections between the crystallites or other phonon cou-
pling will not drastically change the Auger lifetime. For
practical use, it also means that a cluster calculation can
be an easy way to obtain a rough estimate of the Auger
lifetime in bulk silicon. Finally, the use of the bulk sil-
icon dielectric constant in our calculation is not com-
pletely justified since it must decrease with the
confinement.?! A reduction of the dielectric constant
leads to a decrease of the Auger lifetime. Therefore our
results can be seen as an upper limit for the lifetime.

The high Auger rates confirmed by the above calcula-
tion are not, by themselves, exceptional. They are com-
parable to what can be expected for II-VI or II-V semi-
conductors. Their importance is in comparison to the
other recombination rates in porous silicon which are
rather slow. This remark is important, and justifies us to
come back to some previous experiment where an Auger
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FIG. 11. Calculated lifetime for the Auger recombination in
spherical silicon crystallites with respect to the calculated elec-
tronic gap. Here the Auger process involves two holes and one
electron.
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effect can be an alternative explanation to some observa-
tions.

C. Revisitation of voltage tunable electroluminescence;
importance of the Auger effect

The electroluminescence of n-type porous silicon,
cathodically polarized in persulfate aqueous solution, can
be tuned over a wide range by means of the voltage ap-
plied between the substrate and the liquid.? This has
been explained by the selective electroexcitation of the
distribution of quantum crystallites by carriers whose en-
ergies are determined by the applied voltage. However,
the electroluminescence line shape, more precisely its
small spectral width, is still unexplained. Here we want
to show that the narrow line emission can be seen as a
consequence of two competing and simultaneous phe-
nomena: (i) the feeding of a quantum crystallite by selec-
tive injection; and (ii) the Auger effect, determined itself,
by the selective injection.

Concerning the selective injection, both types of car-
riers have to be considered. In fact we will emphasize
only the majority carriers, since the minority carriers
coming from the solvated species have little chance to be
in a resonant injection condition. This is justified by the
solvatation effect, which is known to induce a strong
broadening of the energy distribution, and by electro-
chemical considerations which tend to locate the energy
levels of the species far inside the valence band. >

Under electrical polarization, two classes of crystallites
have to be considered.

(i) Crystallites whose electron confinement energy (AE)
renders possible a carrier injection from the conduction
band of the substrate. Their number is proportional to
the Fermi-Dirac probability

1
AE —eV
kT

f:
1+exp

For them, more than one carrier can be injected so they
have a very high probability to be submitted to an Auger
effect; therefore they become nonluminescent (NL).

(ii) The others in proportion (1—f) remain lumines-
cent. They alone are considered in the following rate
equation:

dN*
dt

where N* is the crystallite excited-state population, and
G the pumping rate.

The electroluminescence experiments are not per-
formed in the short pulse excitation regime, so the
steady-state luminescence intensity I solution of this
equation is then

IT<G(1—f). 4)

=G(W,+W, )N,

In the photoluminescence quenching experiments, G
represents the optical pumping (generally in the UV
range); in a first approximation it is not frequency selec-
tive. Therefore the luminescence intensity variation fol-
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FIG. 12. Room-temperature electroluminescence spectrum
calculated from expression (5) for an applied voltage of 0.5 V.

lows (1—f):

1

AE —eV
kT

Jx1—

1+exp

This expression well reproduces the steplike behavior
shown in Fig. 3. But nothing is new compared to our
previous paper (Ref. 8).

Conversely, expression (4), except for electrical pump-
ing, introduces interesting spectral behavior for the elec-
troluminescence. In that case G is not known with accu-
racy, but we can suppose that it is proportional to the
majority-carrier population whose energy matches the
crystallite energy levels. In other words, G « f. Conse-
quently the electroluminescence intensity can be ex-
pressed as

IT<f(1—f)=
I < 1 1— 1
AE —eV AE —eV
kT kT

1+exp 1+exp

(5)

Expression (5) is represented in Fig. 12. As expected, the
voltage tunable line-shaped emission well describes the
competition between the selective injection and the
Auger effect. However, following Ref. 8, to compare this
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result to experimental results several additional assump-
tions have to be made; they concern the potential sharing
between electrons and holes. The experimental linewidth
is then about twice the calculated linewidth. This can be
attributed to a distribution of the potential applied to the
crystallite, as has been also invoked in Ref. 8. Neverthe-
less, this simple model, without any adjustable parame-
ters, where the injection efficiency enters in competition
with an excess of injection leading to an efficient Auger
effect, gives a simple explanation of the narrow linewidth
(Ahv=4kT). It provides an interesting alternative ex-
planation to more complicated models, without requiring
knowledge of the energy distribution of minority carriers.

IV. CONCLUSION

This paper gives a description of two nonlinear
responses of the photoluminescence of porous silicon.
Despite the very different observed phenomena, i.e.,
voltage-induced photoluminescence quenching and
excitation-induced photoluminescence saturation, we
have pointed out common features and proposed two
different models where carrier injection in confined crys-
tallites plays a major role.

As already observed for bulk silicon,? the Auger effect
is an efficient nonradiative process which dominates (even
at low excitation intensity) as soon as the surfaces are
well passivated. On the other hand, porous silicon is
known for its naturally good passivation surfaces and for
its ability to confine the carriers efficiently. For these
reasons we believe that the Auger effect can be the limit-
ing process for charge accumulation; therefore, in the ab-
sence of definite proof, it is suspected to be the origin of
the photoluminescence saturation.

The Auger effect can also be noticeable when carriers
are electrically injected. We believe that this explains the
efficient voltage photoluminescence quenching as well as
the tunable and spectrally narrow electroluminescence.

For the application point of view, the fast Auger effect
can be seen as an efficient switching technique for photo-
luminescence, as well as for electroluminescence as soon
as a fast voltage switching technique becomes available
for this porous material. Nevertheless, the efficient
Auger effect can also be seen as a major limitation when
practical devices need high levels of injection.
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