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Nonlinear optical effects in porous silicon: Photoluminescence saturation
and optically induced polarization anisotropy
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We present an analysis of strong nonlinear optical effects observed in the photoluminescence of porous Si.
Two groups of effects are discussed. The first includes photoluminescence saturation, suppression of the
polarization memory, and pump coincident optically induced polarization anisotropy all observed at room
temperature. These effects are well described by nonradiative Auger quenching of the photoluminescence in
nanocrystals containing more than one electron-hole pair and which are selectively excited by linearly polar-
ized light. The second group is connected with photoluminescence degradation and a persistent optically
induced polarization anisotropy at helium temperature. These effects arise from and are very well described by
Auger autoionization of crystals selectively excited by polarized light, and subsequent Auger quenching of all
radiative recombination in them since they contain long-lived charged carriers. Upon heating the samples to
room temperature the electron returns back to the nanocrystal. This restores the initial photoluminescence
intensity and washes out the long-lived optically induced polarization anisotropy. The high efficiency of all
these effects is provided by the large ratio of the rate of Auger processes to the radiative recombination rate in
the nanosize Si crystals.@S0163-1829~97!00731-5#
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I. INTRODUCTION

One of the properties possessed by nanocrystal assem
most important for future applications is their strong nonl
ear optical response.1,2 Nonlinear optical effects in absorp
tion can be observed at relatively low excitation power b
cause a second electron-hole pair in the nanocrysta
excited in the presence of the electric field of the first pa
which affects the transition energy and oscillator strength
the second.3,4 Stronger nonlinear effects are seen in photo
minescence~PL! because of the high rate of Auger process
in nanocrystals.5–7 This is because momentum conservatio
which leads to a kinematic temperature dependent thres
for Auger processes in the bulk, is absent in nanocrysta8

and is also due to the abruptness of the heterointerface
tween the crystal and the surrounding matrix, which cons
erably accelerates the rate of Auger processes.8,9

Porous silicon films are such assemblies of nanom
size silicon crystals and wires. Their high PL quantum e
ciency, discovered recently by Canham,10 arises from good
passivation of the Si nanocrystal surface~see the review of
Brus11!. Experimental12 and theoretical13 investigations of
porous Si show that silicon nanocrystals still have an indir
band gap: phonon assisted optical transitions are stro
than those for zero phonon lines. As a result porous Si h
small absorption coefficient near the band gap,14 and a long
radiative decay time.15 The long radiative decay time of th
electron-hole (e-h) pairs, milli- to microseconds, makes
very easy to observe the nonlinear behavior in photolumin
cence. Highly efficient Auger processes quench all lumin
cence in nanocrystals which contain more than onee-h pair
or which have an unpaired charge. The long-lived char
state leads to PL degradation under light soaking conditi
560163-1829/97/56~7!/3875~10!/$10.00
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in semiconductor doped glasses, known as the photodar
ing effect.6 These nonlinear processes are much more e
cient, however, and can be observed at much lower exc
tion intensity, in Si nanocrystals where radiative lifetimes a
at least three orders of magnitude larger than in do
glasses16,17 Voltage selective quenching of PL and voltag
tunable electroluminescence are also examples of nonli
optical effects in which nonradiative Auger processes que
the luminescence in Si nanocrystals containing an e
charge.18,19

The linear polarization memory effect is yet another
fect, observed specifically in the PL of porous silico
films.20–23The effect is a result of the nonspherical shape
the nanocrystals which form porous Si films, and which a
randomly oriented in the surface plane of the films.22,24 Lin-
early polarized light selectively excites those crystals wh
largest dimension is parallel to the vector polarization of
exciting light, because the depolarization decreases the c
ponent of the electric field along that axis inside the nan
rystal less than it does the other components.25 Light subse-
quently emitted by these crystals is also predominan
polarized along the same direction. This results in the str
polarization of the luminescence which depends weakly
the excitation frequency and does not depend on the po
ization direction of the exciting light in the surface plane
the porous Si film.

In this paper we study nonlinear optical effects in t
photoluminescence of porous silicon: in particular, saturat
of the PL intensity at room temperature and PL photodeg
dation at low temperature. The saturation of room tempe
ture photoluminescence at high excitation intensity is a re
of nonradiative Auger recombination in nanocrystals co
taining twoe-h pairs. The PL photodegradation is a result
3875 © 1997 The American Physical Society
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Auger autoionization of the nanocrystals and the subseq
Auger quenching of all further radiative recombination in t
charged nanocrystals. Both these effects are seen espe
clearly in PL polarization pump-probe experiments in whi
we selectively saturate nanocrystals whose largest dimen
is parallel to the vector polarization of the pump beam or
which we selectively degrade nanocrystals whose larges
mension is along the vector polarization of the degrad
light. These polarization studies are a kind of different
technique, separating out the contribution of the stron
saturated~degraded! and the weakly saturated~degraded!
nanocrystals. At room temperature the selectively satura
nanocrystals show the strong in-surface-plane polariza
anisotropy of the probe beam PL which occurs simu
neously with the pump beam. At low temperature the se
tive photodegradation produces a long-lived polarization
isotropy. These nonlinear effects are well described wit
the framework of a model which considers porous silicon
an aggregate of randomly oriented dielectric ellipsoids wh
emit light only if they contain a single electron-hole pair.

In Sec. II we describe the polarization properties of
aggregate of randomly oriented dielectric ellipsoids. In S
III we discuss the specifics of the experimental setup and
samples studied. In Sec. IV we consider the saturation of
photoluminescence and the decrease of the degree of p
ization in porous Si at room temperature under high exc
tion conditions. Section V deals with the photoluminescen
degradation and the long-lived optically induced polarizat
anisotropy seen at low temperature. Conclusions are dr
in Sec. VI.

II. THEORY

Let us consider the polarization properties of the poro
Si PL observed in Refs. 20–23. It was shown that the po
ization is a result of the nonsphericity of the nanocrystals
the porous Si.22,24 The effect arises from the large differenc
between the dielectric constant of the anisotropic semic
ductor crystals and the surrounding medium. Similar opti
effects due to dielectric differences were first demonstra
for open semiconductor quantum well wires.26

We shall assume that porous Si is an aggregate of b
elongated and flattened ellipsoidal dielectric Si crystals p
erentially oriented in the@100# growth direction of thep-Si
film, and embedded in an effective dielectric medium.16 In
this model the electric fieldEi inside a dielectric ellipsoid is
related to the external fieldEo of the exciting or emitted~and
detected! light by

Ex,y,z
i 5Ex,y,z

o /@11n~x!,~y!,~z!d~v!#, ~1!

whered(v)5@« i(v)/«o(v)#21, « i(v) and «o(v) are the
dielectric constants of Si and the effective medium, resp
tively ~both constants depend on the frequencyv of the
light!. The depolarization factors,n(x),(y),(z), depend on the
semiaxis dimensions of the ellipsoid (a, b, andc), for ellip-
soids of revolution:25

n~z!5H 12e2

2e3 S ln
11e

12e
22eD<

1

3
if a5b,c

11e2

e3 ~e2arctane!>
1

3
if c,a5b,

~2!
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n~x!5n~y!5@12n~z!#/2, e5AU12
a2

c2U. ~3!

One can see from Eqs.~1!, ~2! that, because the depolariza
tion factors for longer axes are less than those for the sho
axes, the decrease in the component of the electric fi
along a long axis is less than that along a short axis@in the
limit of very elongated nanocrystals (c@a), n(z)50, and the
z components of the external and internal electric field
equal#.

The probability of nanocrystal excitation is proportion
to the square of the electric field, (Ei)2, inside the nanocrys-
tal. Taking into account the depolarization factors and
suming isotropy of the interband matrix elements, we obt
the angular dependence of the probability of optical exc
tion of an ellipsoidal dielectric nanocrystal on the angle b
tween the vector polarization of the exciting light,eex, and a
unit vector,ĉ, directed along the major ellipsoid axis:

P~vex!511k~vex!~ ĉ•eex!
2. ~4!

The functionk is determined by the shape of the ellipso
and by the frequency of the exciting light,vex:

k~v!5
d~v!~123n~z!!@41d~v!~11n~z!!#

4@11d~v!n~z!#2 . ~5!

The probability of spontaneous photon emission is a
proportional to the square of the electric field, (Ei)2, of
a single photon inside the nanocrystal. The magnitude
this field outside the nanocrystal is determined by the pho
energy. The electric field of the emitted photon insi
the crystal has to satisfy Eqs.~1! and ~2!, and therefore
is largest for photons whose polarization vector is alo
the nanocrystal largest dimension. As a result the nanocry
emits light which is predominantly polarized along its large
dimension. The probability of photon emission has a sim
lar dependence to that for excitation on the angle
tween the vector polarization of the detected light,ede, and
ĉ: P(vde)511k~vde)( ĉ•ede)

2, wherek is now calculated at
the frequency of the detected lightvde. The resulting inten-
sity of the PL of a single ellipsoidal crystal has the angu
dependence,I PL;P(vex)P(vde). This expression, average
over the distribution of ellipsoid shapes and orientations,
scribes the linear polarization effects in porous Si.22,24

Nonlinear optical effects take place in any aggregate
nanocrystals when one excites more than onee-h pair in a
single nanocrystal or causes an unpaired free electron or
to occur there. In porous Si, however, these nonlinear effe
are observed in photoluminescence at much lower excita
intensities than in direct semiconductors; this is a con
quence of the very long radiative lifetimest r;10–100ms
occurring in Si crystallites. This makes it much easier
excite a seconde-h pair in a nanocrystal before the first on
has recombined. Furthermore, the slow radiative recomb
tion cannot compete with the fast nonradiative Auger p
cesses whose typical times are on the order of
nanosecond.9,19 An excited electron-hole pair recombines r
diatively, and emits light, only if the crystal did not alread
contain ane-h pair or free carriers before excitation. As
result, the total intensity of the PL can be written:
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I PL;^N0~ ĉ!P~vex!P~vde!&, ~6!

whereN0( ĉ) is the probability that the crystal contains n
free electrons and/or holes and^ & denotes averaging ove
the distributions of crystal shapes and orientations. This
pression does not take into account spatial diffusion of
excitede-h pairs to other crystallites in the aggregate, a
also assumes that there are no nonradiative channels as
ated with internal or surface defects. Using the polariz
light of an optical pump beam, we can selectively exc
crystals whose largest dimension is parallel to the polar
tion of the pump@see Eq.~4!# and in this way prepare a
temporary or permanent anisotropic in-surface plane dis
bution of unexcited crystals. This distribution is reflected
the angular dependence of the PL intensity,I PL , and leads to
polarization anisotropy effects. In Sec. IV we discuss
effect of a polarized pump beam which creates a tempo
anisotropic distribution,N0( ĉ), coexisting simultaneously
with the pump at room temperature. This distribution is
flected both in the polarization memory effect and in t
polarization of the probe induced PL. In Sec. V we discu
the permanent degradation of the photoluminescence by
larized light at low temperature, where a permanent an
tropic distribution,N0( ĉ), results from nanocrystal ioniza
tion.

III. EXPERIMENTAL NOTES

Microporous silicon layers are prepared fromp-type
~100!, boron doped substrates with a typical resistivity o
V cm. The electrochemical etching is done in a teflon c
containing ethanoic hydrofluoric solution, using a Pt wire
a cathode and an etch current density of 30 mA/cm2. The
etching solution is a 1:1 by volume mixture of hydrofluor
acid ~49% wt. in water! and ethanol. The layer thickness
are chosen from 1 to 10mm to provide uniform optical ex-
citation within the layer. For some experiments free stand
layers are used. They are detached from the substrat
electropolishing. All the samples are fabricated in the d
and are aged for several months after preparation in orde
increase their PL efficiency.

The experiments are done using a pump-probe techni
For the pump, a high intensity~up to 600 W/cm2) cw Ar 1

or dye laser beam is used. The pump beam is linearly po
ized in the plane of the sample. The detected emissio
excited using a weak polarized probe beam. The light of b
the pump and the probe beams are deflected using s
mirrors and are incident onto the sample normal to the s
face plane. Coincidence of the pump laser spot with
smaller diameter probe laser spot is controlled by an opt
microscope. The emitted light is collected by the lenses o
condenser and focused onto the entrance slit of a monoc
mator. The polarization of the detected light is determined
a polarizer placed between the lenses of the conden
where the beam is parallel. A depolarizer is mounted at
entrance slit of the monochromator, in order to avoid pro
lems with the polarization properties of the grating. All P
spectra are normalized for the spectral response of the op
detection system.

The source of the probe beam is a second Ar1 laser op-
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erating at 4880 Å or a He-Cd laser~4420 Å!. Its polarization
relative to that of the pump beam is determined by a sys
of a depolarizer and a linear polarizer. Rotating the polari
rotates the polarization vector of the exciting light
the sample surface plane; its angle with respect to tha
the pump beam can be tuned. The probe beam is chop
~the pump is operating in cw mode! and the usual lock-in
technique is used to measure coherently the PL respo
to the probe beam. For PL lifetime measurements a pu
N 2 laser with a 300 ps pulse length and a 10 Hz repetit
rate is used. The excitation intensity at\v53.67 eV is
100 W/cm2. The resolution time of the detection system f
the lifetime measurements is better than 5 ns. The PL l
times are obtained from a single exponential fit to the m
tiexponential temporal PL kinetics. As a pump source, a v
able intensity Ar1 laser ~4880 Å! is used. At the large cw
optical excitation intensities, special care is taken to av
the influence of the room temperature PL degradation on
results of measurements which could arise, e.g., from h
ing. All measurements at high optical intensities are ma
after an initial degradation. The procedures described ab
are for the room temperature measurements.

The low temperature (T55 K! PL fatigue effects were
studied after an initial illumination of the samples with th
4880 Å linearly polarized line of a cw Ar1 laser at an inten-
sity of 20 W/cm2 for 20 min. Afterwards, the PL excited
with the 4420 Å linearly polarized line of a He-Cd laser a
its degree of polarization are measured for different polari
tion directions relative to that of the degraded light. W
found no difference between measurements done wi
about ten hours after the initial degradation.

IV. ROOM TEMPERATURE NONLINEAR PL EFFECTS

A. PL saturation and polarization memory effect

The photoluminescence of porous Si shows very stro
nonlinear effects at relatively weak excitation intensitie
Typical PL and the degree of polarization spectra obtain
for our samples at low excitation intensity are shown in t
inset of Fig. 1. The PL is linearly polarized throughout t
entire spectral range; the degree of linear polarization va
from 0.2 at the high energy edge of the spectrum to 0.05
the red one, in agreement with previous reports.21–23Figure 1
shows the dependence of the PL intensity, its decay lifeti
and the degree of linear polarization on the cw excitat
intensity for several detection energies. The PL intensity
creases linearly with the excitation intensity,I ex, up to
;2 W/cm2, above which saturation effects are observ
The deviation from the linear behavior is stronger, and sta
at lower excitation intensities for lower detection energ
@Fig. 1~a!#. This results in a blueshift of the whole PL spe
trum with excitation intensity.17 Lifetimes, measured as
function of the pump beam intensity, do not change at l
excitation intensities but decrease in the PL saturation
gime @see Fig. 1~b!#. One sees a strong correlation betwe
the PL saturation and the radiative lifetime of the nanocr
tals contributing to the PL. The PL saturation threshold
lower for nanocrystals having longer radiative lifetim
@compare Figs. 1~a! and 1~b!#. The decrease of the radiativ
lifetimes at high excitation intensity shown in Fig. 1~b! is
also a reflection of the PL saturation in crystals with lo
radiative lifetimes. The lifetimes shown in Fig. 1~b! are ob-
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tained from the monoexponential fit to the multiexponen
decay curves, i.e., the crystals luminescing at the same
quency have a distribution of radiative lifetimes. The satu
tion of the PL at high excitation intensities of those cryst
that have long radiative lifetimes leads to an effective
crease in the lifetimes obtained from this monoexponen
fit to the data.

The effect of the PL saturation is clearly seen in the p
larization memory effect measurements@see Fig. 1~c!#. The
degree of linear polarization is even more sensitive than
PL to the excitation intensity and to the detection frequ
cies. It is independent ofI ex at low excitation intensity and
decreases after some critical intensity, dependent on the
tection frequency, in the range 0.2–0.4 W/cm2. This behav-
ior arises from the selective saturation of nanocrystals wh
largest dimension is parallel to the polarization of the ex
ing light and the consequent decrease of the PL quan
efficiency of these crystals. To describe this behavior
consider nanocrystal state filling rate equations for cw po
ized excitation:

FIG. 1. ~a! PL intensity versus cw excitation intensity for thre
different detection energies: 2.07 eV~squares!, 1.77 eV ~circles!,
and 1.55 eV~triangles!. The excitation energy is 2.54 eV.~b! PL
lifetimes versus cw pump intensity for the same detection energ
The PL is excited by a 300 ps pulsed N2 laser at an energy o
3.67 eV. ~c! The degree of the PL linear polarization versus
excitation intensity for the same detection energies. The cu
are theoretical fits. Inset: PL spectrum~dotted line! and the degree
of PL linear polarization~solid line! at an excitation intensity of
1 W/cm2.
l
e-
-

s
-
l

-

e
-

e-

se
-
m
e
r-

Ṅ05
N1
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2N0We@11k~vex!~ ĉ•eex!

2#,

Ṅ15
N2

tA
1~N02N1!We@11k~vex!~ ĉ•eex!

2#2
N1

t r
,

Ṅ25N1We@11k~vex!~ ĉ•eex!
2#2

N2

tA
, ~7!

whereN0, N1, andN2 are the concentrations of nanocrys
als with the major axis alongĉ and which contain 0, 1,
and 2 e-h pairs, respectively (N01N11N25N), We5
I exa(vex,a) is the average probability for exciting a nano
rystal, wherea(vex,a)\vex is the effective absorption cros
section which depends both on the excitation frequen
vex, and the average crystal sizea ~far from the band edge i
is the same for both the first and the second excitede-h pair!.
t r is the radiative lifetime of a singlee-h pair and 1/tA is the
rate of nonradiative Auger recombination in nanocryst
with two e-h pairs. We consider only relatively low excita
tion intensities,I ex, where I exatA!1 and the excitation
probability of more than twoe-h pairs is negligibly small.
For these conditions, Eq.~7! give the steady state concentr
tion of unexcited nanocrystalsN0( ĉ,eex):

N0~ ĉ,eex!5
N

11t r I exa~vex,a!@11k~vex!~ ĉ•eex!
2#

. ~8!

The intensity of the PL polarized parallel~perpendicular!,
I i(I'), to the vector polarization of the exciting light is ob
tained substituting this function into Eq.~6!, from which we
obtain a full description of the degree of polarizatio
r5(I i2I')/(I i1I').

Although the polarization vectors of the exciting,eex, and
detected,ede, light are in the surface plane of the porou
Si film in our experiments, the averaging over the dist
bution of nanocrystal axesĉ in Eq. ~6! has a three dimen
sional character. Henceforth, we will use the simplifyin
assumption that all crystals contributing to the PL at
particular frequency have the same shape~characterized
by n(z)), size, radiative lifetime, and have theirĉ axes
aligned at an angleg relative to the@100# p-Si growth direc-
tion, cosg5( ĉ•@100#), and that their axes of revolution ar
randomly distributed about this direction. With this we o
tain the dependence of the PL intensity on the azimut
angles,we andwd , of the vector polarizations of the excitin
and detected light, respectively:

I PL}
2

t rWeke
$~21ke!~21kd!I 0~be!1~21kd!keI 1~be!

1cos2~we2wd!@~21ke!kdI 1~be!1kekdI 2~be!#%,

~9!

where ke,d5k(vex,de)sin2g, I 0(x)51/Ax221, I 1(x)512
xI0(x), I 2(x)52xI1(x), and the parameter of nonlinearit
be5@21t rWe(21ke)#/t rkeWe depends on the excitatio
frequency and the intensity@We5I exa(vex,a)#. Equation

s.

s
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~9! coincides with Eq.~5! of Ref. 22 at low excitation inten-
sity and givesr50 at high excitation intensity, whent rWe
@1.

Using Eq.~9! we describe the dependence of the deg
of polarization on the intensity of the exciting light, shown
Fig. 1~c!. The best description is obtained with values
a(\vex52.54 eV,a)53.9310217, 2.3310217, and
1.4310217 cm2/eV; n(z)50.08, 0.05, and 0.01; an
sing50.57, 0.50, and 0.45 for the detection frequenc
\vde51.55, 1.77, and 2.07 eV, respectively. We also us
the average experimental values oft r582, 45, and 19ms.
The decrease ina with detection energy is well correlate
with the decrease in the size of those crystals contributin
the PL at higher luminescence energy. The disagreeme
high excitation intensity arises from the wide distribution
radiative lifetimes of the crystals emitting at the same
ergy. One can see, for example, in the luminescence de
curves at detection energy 1.55 eV, a distribution oft r from
105 to 22ms. This distribution washes out the rapid tran
tion to zero polarization predicted theoretically, becau
saturation of crystals with shorter radiative lifetimes occ
at higher excitation intensities.

B. Optically induced photoluminescence
polarization anisotropy

We also examine optically induced saturation of the
using a pump-probe technique. Anisotropic distributions
saturated nanocrystals are prepared by a high intensity~up to
600 W/cm2) polarized beam, which selectively saturat
crystallites whose largest dimension is parallel to the vec
polarization of the pumping light. The effect of this anis
tropic distribution is monitored by studying the PL intens
caused by a weak linearly polarized probe beam. The
intensity as a function of its polarization angle is shown
Fig. 2 for three different angles between the vector polari
tion of the pump and probe beams(0°, 45°, and 90°). The
polarization direction of the detected light is defined w
respect to the direction of the polarization of the probe be

FIG. 2. Dependence of the porous silicon PL intensity on
angle between the polarizations of exciting and detected light
three polarization directions of the pump beam. Pump and pr
beam polarizations are indicated by the arrows. The curves are
oretical fits.
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The 180° periodicity of the PL intensity in all cases is ve
apparent. The intensity of the PL decreases consider
when the vector polarization of the probe light approach
the direction of the pump beam polarization, because
probe beam is then probing those nanocrystals that have
selectively saturated by the pump beam. The pump be
polarization introduces a direction, an anisotropy, in t
sample surface plane. The resultant anisotropic distribu
of pumped crystals leads to a phase shift in the depende
of the intensity of the probe beam PL on the angle betw
the polarizations of the exciting and detected light when
polarization vector of the probe is not parallel or perpendi
lar to the pump beam. The shift is a maximum when t
angle between the vector polarization of the pump and pr
beams is 45°~see triangles in Fig. 2!. The magnitude of the
shift increases with the intensity of the pump.

To describe the PL intensities shown in Fig. 2 we use
~6! with N0( ĉ,epu) being given by Eq.~8! calculated for the
intensity and polarization of the pump beam. Using the
proximation described above, we find the dependence of
probe beam PL intensity on the azimuthal angles of the v
tor polarization of exciting,we , and detected,wd , light:

I PL}
2

t rWpkp
$@~21ke!~21kd!

1kekdsin2wesin2wd#I 0~bp!

1@~21kd!kecos2we1~21ke!kdcos2wd#I 1~bp!

1cos2~we1wd!I 2~bp!%, ~10!

wherewe andwd are calculated relative to the vector pola
ization of the pump light,kp5k(vpu)sin2g, and the param-
eter of nonlinearity bp5@21t rWp(21kp)#/t rkpWp de-
pends on the excitation frequency,vpu, and intensity,I pu, of
the pumping light@Wp5I pua(vpu,a)#. Using this expression
and the same parameters which gave the best fit to the
polarization in Fig. 1~c!, we have reproduced the experime
tal dependences in Fig. 2.

The anisotropy of the selectively saturated distribution
nanocrystals is better seen in the dependence ofr on the
angle between the polarization of the probe and the pu
beams. Figure 3 shows this dependence for two value
pump intensity.r is isotropic in the surface plane in th
absence of the pump beam. This is a consequence of
macroscopic isotropy of the porous silicon PL~Refs. 21 and
22! in the plane perpendicular to the@100# p-Si growth di-
rection. The polarized pump beam clearly induces an ani
ropy which is related to the direction of the pump bea
polarization ~shown by the arrow! and increases with the
pump intensity. One sees that, for parallel pump and pr
polarizations,r is ;4% at high excitation intensity and be
comes about 8% in the absence of the pump beam. Using
~10! we determine the angular dependence ofr for zero and
high pump beam intensities. The fit shown on Fig. 3 used
same parameters as in Fig. 1~c!. We note here that the prob
beam intensity~2 W/cm2) was chosen a bit beyond the rang
wherer is constant@Fig. 1~c!# in order to maintain a reason
able signal-to-noise ratio.
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C. PL quenching at resonant excitation

In principle, optically induced polarization anisotrop
could also arise from the modification of the absorption
efficient of crystallites containing ane-h pair ~or an unpaired
free charge! because the electric field of the charges co
affect further absorption in these nanocrystals. Furtherm
in nanocrystals with well separated quantized levels,
Pauli principle acting in the lowest lying states leads
bleaching of the band-edge absorption. However this is
the case in porous Si—our absorption measurements on
standingp-Si layers for the same experimental configurati
do not show any influence of the pump beam on the ab
bance of the probe. This is probably connected with the h
density of the band-edge exciton states in Si nanocrystal
multiband effective mass estimate shows that there ar
least 48 band-edge exciton states in spherical Si nanoc
tals.

To prove that the polarization anisotropy effect is co
nected with photoluminescence intensity saturation, we
amined the spectral dependence of the PL intensity an
r for the case of resonant pumping into the emission b
~see Fig. 4!. The PL spectrum of porous silicon is inhom
geneously broadened by the wide distributions of nanocry
sizes and shapes which determine the positions of the e
tron and hole lowest quantum size levels. The PL of e
nanocrystal is determined by transitions between these
els. Thus, at resonant excitation, we selectively excite th
crystals whose emission band edge is below the pump
frequency. Figure 4~a! shows, for a pumping frequenc
\vpu51.96 eV and an excitation energy\vex52.54 eV, that
the PL spectrum below the energy of the pump beam
partially quenched, but the luminescence with an ene
higher than the pump beam is not affected. The spectral
havior of r for two probe beam polarization directions rel
tive to that of the pump beam~parallel and perpendicular! is
shown in Fig. 4~b!. The variation inr correlates very well
with the measurements made for nonresonant pumping~see
Figs. 2 and 3!; however, there they were seen only for t

FIG. 3. Polar plot of the room temperature PL polarization a
function of the polarization direction of the probe beam for thr
pump beam intensities. The direction of the pump beam polar
tion is indicated by the arrow. The curves are theoretical fits.
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states below the pump energy. The spectral dependenc
the deviation fromr measured in the absence of a pum
beam correlates well with the suppression of the PL int
sity. These data rule out the nonlinear absorption mode
polarization anisotropy in explaining our experiments.

V. LOW TEMPERATURE PL DEGRADATION

The PL from porous Si exhibits a low temperature fatig
phenomenon. The PL can be efficiently quenched by inte
cw illumination at liquid helium temperature and does n
recover for hours. Figure 5~a! shows the low temperatur
porous Si PL spectra before and after degradation of
sample by strong cw polarized light for a period on the ord
of 20 min. The PL intensity decreases drastically after d
radation, but heating the samples back up to room temp
ture restores the initial intensity. This fatigue phenomenon
connected with the Auger autoionization of the nanocryst
when two electron-hole pairs are optically excited, with su
sequent Auger quenching of all further radiative recombi
tion in the charged nanocrystals.16,27 The electron ejected
from the Si crystal is localized on a trap in the matrix. He

a

a-

FIG. 4. The effect of the resonant pump beam excitation on
PL ~a! and the PL polarization spectra~b!. The effect on the PL
polarization is shown both for the case when the probe beam po
ization is parallel to and perpendicular to that of the pump bea
The break in the curves occurs in the spectral cutoff region of
notch filter placed in front of the monochromator in order to su
press the pump beam radiation.
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ing of the sample returns the electron back to the crystal
restores its initial optical properties.

One can notice in Fig. 5~a!, that degradation changes th
porous Si PL spectrum mainly at the high energy part of
emission spectrum, while the red tail of the spectrum is
most unaffected. The changes in PL are most pronounce
the region 1.8–2.2 eV, which is directly related to the e
ciency of Auger autoionization. The autoionization rate w
shown to strongly depend on the nanocrystal radius,ā .9 It
varies as (ā )2n, wheren ranges from 5 to 7, depending o
the value of the band offset. Auger autoionization can ta
place only if the band offset for one of the carriers is sma
than the effective energy gap of the nanocrystal. Both th
effects lead to more efficient Auger autoionization in sm
nanocrystals. The effective energy gap of these nanocry
is larger due to the quantum size effect and, when they e
light they do so at a relatively higher frequency. This is t
reason for the redshift of the PL after optical degradation
the porous Si films.

The effect of the PL degradation in porous Si is clea
seen if the probe light is polarized. The intensity of the
excited by light whose vector polarization is parallel to th
of the degrading light is lower than in the perpendicular g
ometry @see Fig. 5~a!#. This brings about the long-lived op
tically induced polarization anisotropy.16 Figure 5~b! shows
the spectral dependence of the degree of linear polariza
both before and after degradation of the sample by polar

FIG. 5. The effect of optical degradation by a 20 min illumin
tion by a 20 W/cm2 4880Å line of a polarized cw Ar1 laser pump
beam on the PL~a! and the PL polarization~b! spectra. The effect
on the PL and on the PL polarization spectrum is shown for
probe beam polarization both parallel~dotted line! and perpendicu-
lar ~dashed line! to that of the degrading pump beam.
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light. The initial values ofr vary from 0.04 to 0.08, and do
not depend on the direction of the vector polarization of
exciting probe light. After degradation by linearly polarize
light, the degree of polarization changes drastically. Wh
the directions of the vector polarization of the degrading a
the probe beams are parallel, the degree of linear polariza
is lower over the whole spectral range of the PL; for t
perpendicular polarization excitation geometry,r is higher.
This effect is a consequence again of Auger autoionization
selectively excited crystals and disappears completely a
heating the samples up to room temperature. This selec
degradation process involves a competition between cry
Auger ionization and crystal neutralization due to therma
induced return of the electron back to the crystal. It is d
scribed by the nanocrystal state filling rate equations for
excitation at a low temperature:

Ṅ05
N1

t r
2N0Wd@11k~vdg!~ ĉ•edg!

2#,

Ṅ15
N1

tT
1~N02N1!Wd@11k~vdg!~ ĉ•edg!

2#2
N1

t r
,

Ṅ25N1Wd@11k~vdg!~ ĉ•edg!
2#2

N2

tAA
, ~11!

Ṅ15
N2

tAA
2

N1

tT
,

whereN1 is the concentration of ionized nanocrystals w
main axis alongĉ, the total crystal concentrationN5N0
1N11N21N1 at low temperature,Wd5I dga(vdg,a) is the
average probability for exciting a nanocrystal at the exc
tion frequency,vdg, I dg is the intensity of the degrading
light, 1/tAA is the rate of Auger autoionization of nanocry
tals with two e-h pairs ~which we assume does not depe
on its shape!, and tT5tphexp(2DE/kT) is the temperature
dependent electron return time from the trap in the ma
back to the nanocrystal,DE is the depth of the trap,T is the
temperature, andtph is a typical phonon scattering time. W
consider only relatively low excitation intensities whe
I dgatAA!1 and the excitation probability of more than tw
e-h pairs is negligibly small. For these conditions, Eq.~11!
give for the angular distribution of neutral crystals aft
sample degradation,N0( ĉ,edg):

N0~ ĉ,edg!5
11S~ ĉ,edg!1~tAA /t r !S

2~ ĉ,edg!

11S~ ĉ,edg!1@~tT1tAA!/t r #S
2~ ĉ,edg!

,

~12!

whereS( ĉ,edg)5t rWd@11k(vdg)( ĉ•edg)
2#. Substituting Eq.

~12! into Eq. ~6!, one obtains the angular dependence of
PL intensity of polarized light from the degraded samples
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I PL}
tAA

tAA1tT
F ~21ke!~21kd!1

kekd

2
cos2~we2wd!G

1F ~21ke!~21kd!1
kekd

2
cos2~we2wd!G

3@cdJ01ddJ1#1@~21kd!kecos2we

1~21ke!kdcos2wd#

3@cdJ11ddJ2#1
kekd

2
cos2~we1wd!

3@cd~2J22J0!1dd~J32J1!#, ~13!

wherewe andwd are measured relative to the vector pola
ization of the degrading light, analytical expressions for
integralsJn(I dg), which arise from averaging over the az
muthal distribution of theĉ axes of thep-Si crystallites, can
be found in the Appendix, and the parameters

cd5S tT

tAA1tT
D 2 11Sr~21kdg!

SrST~kdg!
2 ,

dd5S tT

tAA1tT
D 2 1

kdgST
, ~14!

where kdg5k(vdg)sin2g depends on the frequency of th
degrading light,vdg, andSr ,T5t r ,TWd/2.

We can use Eq.~13! for describing the dependence ofr
on the direction of the exciting light polarization relative
that of the degrading light at low excitation intensity, wh
the probe light should not cause saturation of unchar
nanocrystals. From Eq.~8! one can see that the saturatio
condition ist r I exa;1, which goes ast r . This is two orders
of magnitude larger at liquid helium temperature than
room temperature, reaching 1024–1022 s. As a result, even
a probe beam intensity of 0.5 W/cm2 leads to partial satura
tion of the crystal and a decrease inr. The measured polar
ization for undegraded samples at liquid helium tempera
is only 8%~see Fig. 6!, almost half that at room temperatur
which shows that saturation caused by the probe beam i
needs to be taken into account.

Figure 6 shows the angular dependence of the de
of linear polarization before~triangles! and after initial
illumination of the sample for 20 min. with the 4880 Å lin
early polarized emission line of a cw Ar1 laser with an
intensity 100 W/cm2 ~circles!. The PL was excited with the
4420 Å linearly polarized emission line of a He-Cd las
with an intensity 0.5 W/cm2. After degradation the PL
shows a strong anisotropy caused by Auger autoionizatio
the selectively excited crystals. To describe this angular
pendence the saturation caused by the probe beam has
taken into account. For this case, instead of Eq.~6! we have
-
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r
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e-

be

I PL;^N0~ ĉ,eex!N0~ ĉ,edg!P~vex!P~vde!&, ~15!

where N0( ĉ,eex) and N0( ĉ,edg) are given by Eqs.~8! and
~12!, respectively. The theoretical curves in Fig. 6 we
obtained using Eq.~15! and the same parameters as abo
and taking tAA517 ns, tT53 h, t r52.5 ms, and
a(vex,a)53.6310217 cm2/eV.

As we mentioned above, heating the samples up to ro
temperature recovers the PL intensity and destroys the o
cally induced polarization anisotropy. Figure 6 also sho
the dynamics of the recovery at intermediate temperatu
The squares in the figure show the degree of polariza
after rapidly heating the degraded sample up to 250 K in
min and then immediately rapidly cooling it down to 1.5
in 5 min. One sees that the polarization anisotropy is dra
cally reduced during this heating cycle. Recovery sets in
tween 150 and 250 K. For comparison we would like
mention that the polarization anisotropy disappears co
pletely if one holds the temperature at 200 K for 30 min.

VI. DISCUSSION

Our polarization studies of the PL saturation effects a
the PL degradation effect allows us to extract some inform
tion on the parameters which characterize these nonlin
effects. The analysis is done using the simplifying assum
tion that all the crystals contributing to the PL at a particu
frequency are characterized by an average shape, size, r
tive lifetime, and orientation relative to the@100# p-Si
growth direction. The weakest part of this assumption is t
concerning the radiative lifetimes. Our experimental d
clearly show a distribution of radiative lifetimes that vary b
as much as an order of magnitude for the crystals emit

FIG. 6. The effect of low temperature 1.5 K degradation by
twenty minute illumination of a 100 W/cm2 4880 Å line of a cw
Ar 1 degrading laser pump beam on the dependence of the PL
larization on the polarization direction of the probe beam. The
rection of the degrading pump beam polarization is indicated by
arrow. Also shown~squares! is the angular dependence of the p
larization after a cycle of first heating the sample to 250 K, f
lowed by an immediate rapid cooling back to 1.5 K. The curves
theoretical fits.
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light at the same frequency. This reflects the fact, e.g.,
crystals of quite different shapes can emit light at the sa
frequency but have different radiative lifetimes.28 The distri-
bution of lifetimes has not been taken into account a
makes it difficult to describe the intensity dependence of
PL saturation.

Despite of extreme simplicity of our model, it describ
all our experimental data rather well. The best descriptio
obtained for crystals for which the ratio of their minor
major axis varies from 1/4–1/12, and whose major axes
directed 26° –35° from the@100# p-Si growth direction.
These parameters correlate well with the data of TEM m
surements of similarp-Si samples.29,30 The values of the
average absorption cross section of the nanocrys
6.0310217, 4.1310217, and 2.9310217 cm2 obtained for
the detection energies\vde51.55, 1.77, and 2.07 eV, re
spectively, are quite reasonable. The decrease of cross
tion with detection energy is associated with a decreas
crystal size~far from the band edge, the cross section
proportional to the crystal volume!.

These cross sections and the absorption coefficient,aab,
measured for our samples:aab5103 cm21 at \vex52.54
eV, allow us to determine the average crystal concentrat
N5aab/\vexa(vex,a)'2.4310219 cm23. This also gives
us an average size'@~12p!/N] 1/353.1 nm for the Si crys-
tallites in our samples which have a porousity ofp50.7.
These estimates are also consistent with available mor
logical measurements of similar types of the porous
samples.31

Saturation of the PL at high intensities at room tempe
ture, and the low temperature fatigue effect, affect the
spectra differently. In the first case the PL is quenched in
low energy part of the spectrum and so the PL line shifts
the blue. This is directly connected with the radiative dec
time, which is longer for longer detected light wavelengt
and the pump beam suppresses the low energy part o
spectrum.

The low temperature fatigue effect, however affe
mainly the spectra in the 2–2.2 eV range and so the PL
shifts to the red. This is caused by Auger autoionization
nanocrystals, which can occur only if the energy which
electron gains after annihilation of the seconde-h pair is
enough to overcome the conduction band offset. Both
electron affinity of Si and the position of conduction ba
edge of SiO2 with respect to the valence band of Si are ab
of 4.3 eV. As a result efficient Auger autoionization can ta
place only in crystallites with an effective energy g
Eg>2.15 eV.

Room temperature PL saturation of the nanocrystals ta
place when each nanocrystal is occupied by a singlee-h pair:
t r I exa(vex,a);1. In porous Si this happens at very lo
excitation intensities:I ex52 –20 W/cm2 because the radia
tive decay time in this material is very long, on the order
tens of microseconds.

The persistent fatigue and optically induced polarizat
anisotropy effects are determined by the very slow return
the electrons back to the crystal: at helium temperat
tT53 h. The rate of these processes depends exponen
on the ratio of the depth of the traps that localize the elect
in the surrounding nanocrystal matrix to the temperatu
This opens an interesting opportunity to observe this effec
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room temperature by doping the SiO2 matrix with impurities
that would provide deep traps there.

In conclusion, we have demonstrated strong nonlinear
tical effects in the PL of porous Si which have been w
described as Auger quenching of the luminescence fr
nanocrystals which contain unpaired charges or more t
onee-h pair. The high efficiency of the nonlinear effects is
result of the large ratio of the radiative decay time~porous Si
is an indirect semiconductor! to typical times for Auger pro-
cesses in nanosize semiconductor crystals. This leads to
saturation of the PL at low excitation intensities that, at roo
temperature, is coincident with the pump beam, and to p
sistent PL degradation and optically induced polarization
isotropy at helium temperatures.
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APPENDIX

Averaging Eq.~6! over the azimuthal distribution of the
crystallites in the surface plane of thep-Si film leads to
integrals of the form:

Jn~ I dg!5
1

2pE0

2p cosnxdx

ad12bdcosx1cos2x
, ~A1!

where

ad5
11Sr~21kd!

STSrkd

tT

tAA1tT
1S 21kd

kd
D 2

,

bd5
21kd

kd
1

1

2kdST

tT

tAA1tT
. ~A2!

Calculation of the integrals that appear in Eq.~13! gives

J05AA~2bd
22ad21!214bd

2~ad2bd
2!111ad22bd

2

2~ad2bd
2!@~2bd

22ad21!214bd
2~a2bd

2!#
,

J15AA~2bd
22ad21!214bd

2~ad2bd
2!212ad12bd

2

2@~2bd
22ad21!214bd

2~a2bd
2!#

2bdJ0 , ~A3!

J25122bdJ12adJ0 ,

J3522bdJ22adJ1 .
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