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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 crystalgS0163-18207)00731-3

[. INTRODUCTION in semiconductor doped glasses, known as the photodarken-
ing effect® These nonlinear processes are much more effi-
One of the properties possessed by nanocrystal assemblieignt, however, and can be observed at much lower excita-
most important for future applications is their strong nonlin-tion intensity, in Si hanocrystals where radiative lifetimes are
ear optical response? Nonlinear optical effects in absorp- at least three orders of magnitude larger than in doped
tion can be observed at relatively low excitation power beglasse¥!’ Voltage selective quenching of PL and voltage
cause a second electron-hole pair in the nanocrystal iginable electroluminescence are also examples of nonlinear
excited in the presence of the electric field of the first pair,optical effects in which nonradiative Auger processes quench
which affects the transition energy and oscillator strength othe luminescence in Si nanocrystals containing an extra
the second:* Stronger nonlinear effects are seen in photolu-charge'®1°
minescencéPL) because of the high rate of Auger processes The linear polarization memory effect is yet another ef-
in nanocrystalS=’ This is because momentum conservation,fect, observed specifically in the PL of porous silicon
which leads to a kinematic temperature dependent threshofiims.2°-23The effect is a result of the nonspherical shape of
for Auger processes in the bulk, is absent in nanocry8talsthe nanocrystals which form porous Si films, and which are
and is also due to the abruptness of the heterointerface beandomly oriented in the surface plane of the filfA8? Lin-
tween the crystal and the surrounding matrix, which considearly polarized light selectively excites those crystals whose
erably accelerates the rate of Auger proce&des. largest dimension is parallel to the vector polarization of the
Porous silicon films are such assemblies of nanometegxciting light, because the depolarization decreases the com-
size silicon crystals and wires. Their high PL quantum effi-ponent of the electric field along that axis inside the nanoc-
ciency, discovered recently by Canh&Marises from good rystal less than it does the other componéntsight subse-
passivation of the Si nanocrystal surfasee the review of quently emitted by these crystals is also predominantly
Brustl). Experimentdf and theoreticaf investigations of polarized along the same direction. This results in the strong
porous Si show that silicon nanocrystals still have an indirecpolarization of the luminescence which depends weakly on
band gap: phonon assisted optical transitions are strongéhne excitation frequency and does not depend on the polar-
than those for zero phonon lines. As a result porous Si hasiaation direction of the exciting light in the surface plane of
small absorption coefficient near the band gapnd a long  the porous Si film.
radiative decay timé® The long radiative decay time of the In this paper we study nonlinear optical effects in the
electron-hole ¢-h) pairs, milli- to microseconds, makes it photoluminescence of porous silicon: in particular, saturation
very easy to observe the nonlinear behavior in photoluminessf the PL intensity at room temperature and PL photodegra-
cence. Highly efficient Auger processes quench all lumineséation at low temperature. The saturation of room tempera-
cence in nanaocrystals which contain more than estepair  ture photoluminescence at high excitation intensity is a result
or which have an unpaired charge. The long-lived chargedf nonradiative Auger recombination in nanocrystals con-
state leads to PL degradation under light soaking conditiontining twoe-h pairs. The PL photodegradation is a result of
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Auger autoionization of the nanocrystals and the subsequent a2

Auger quenching of all further radiative recombination in the n¥=n®=[1-n®7]/2, e=+/ ’ 1— —. 3
charged nanocrystals. Both these effects are seen especially ¢
clearly in PL polarization pump-probe experiments in whichOne can see from Eqgél), (2) that, because the depolariza-
we selectively saturate nanocrystals whose largest dimensiafon factors for longer axes are less than those for the shorter
is parallel to the vector polarization of the pump beam or inaxes, the decrease in the component of the electric field
which we selectively degrade nanocrystals whose largest dialong a long axis is less than that along a short fikizhe
mension is along the vector polarization of the degradingimit of very elongated nanocrystals¥a), n®=0, and the
light. These polarization studies are a kind of differentialz components of the external and internal electric field are
technique, separating out the contribution of the stronglyequal.

saturated(degradedl and the weakly saturate(egraded The probability of nanocrystal excitation is proportional
nanocrystals. At room temperature the selectively saturateg the square of the electric fieldE()?, inside the nanocrys-
nanocrystals show the strong in-surface-plane polarizatiofy|. Taking into account the depolarization factors and as-
anisotropy of the probe beam PL which occurs simulta-suming isotropy of the interband matrix elements, we obtain
neously with the pump beam. At low temperature the selecthe angular dependence of the probability of optical excita-
tive photodegradation produces a long-lived polarization antion of an ellipsoidal dielectric nanocrystal on the angle be-

isotropy. These nonlinear effgcts are_ well describe_d. Withirtween the vector po|arization of the exciting ||gb&x, and a
the framework of a model Wh'Ch con_S|der§ porous _S|I|con_a§mit vector,c, directed along the major ellipsoid axis:
an aggregate of randomly oriented dielectric ellipsoids which
emit light only if they contain a single electron-hole pair. _ - 2
In Sec. Il we describe the polarization properties of an Plwe) =1+ x(we)(C- " “@
aggregate of randomly oriented dielectric ellipsoids. In SecThe functionk is determined by the shape of the ellipsoid
[l we discuss the specifics of the experimental setup and thend by the frequency of the exciting lighb,:
samples studied. In Sec. IV we consider the saturation of the
photoluminescence and the decrease of the degree of polar- S(w)(1-3n?)[4+ 8(w)(1+n?)]
ization in porous Si at room temperature under high excita- x(w)= 4[1+ 6(w)n P2
tion conditions. Section V deals with the photoluminescence
degradation and the long-lived optically induced polarization ~ The probability of spontaneous photon emission is also
anisotropy seen at low temperature. Conclusions are drawjsroportional to the square of the electric fields')?, of
in Sec. VI. a single photon inside the nanocrystal. The magnitude of
this field outside the nanocrystal is determined by the photon
Il. THEORY energy. The electric field of the emitted photon inside
Let us consider the polarization properties of the porouéhe crystal has to satisfy Eqsl) anq (2.)’ and ther.efore
Si PL observed in Refs. 20—-23. It was shown that the polar'—S largest for photons v.vhose. polarization vector is along
ization is a result of the nonsphericity of the nanocrystals inthe'nanocrystal "”?rgeSt d|m¢n5|on. As a result the nanocrystal
the porous S22 The effect arises from the large difference emits I|ght which is pred_o_mlnantly polarlze_d a_\long Its Iarg_es_t
between the dielectric constant of the anisotropic semicong'mens'on' The probability of pho_ton_ emission has a simi-
gjtvr dependence to that for excitation on the angle be-

®)

ductor crystals and the surrounding medium. Similar optica R .
effects due to dielectric differences were first demonstrated’€€" the vector polarization of the detected ligit, and

for open semiconductor quantum well wirés. C: P(wge =1+ k(wqd (C- €49 *, Wherex is now calculated at

We shall assume that porous Si is an aggregate of bot#e frequency of the detected ligh. The resulting inten-
elongated and flattened ellipsoidal dielectric Si crystals prefsity of the PL of a single ellipsoidal crystal has the angular
erentially oriented in th¢100] growth direction of thep-Si ~ dependence,p; ~P(we) P(wqe). This expression, averaged
film, and embedded in an effective dielectric meditfin over the distribution of ellipsoid shapes and orientations, de-
this model the electric fiel' inside a dielectric ellipsoid is Scribes the linear polarization effects in porousst:

related to the external fiel° of the exciting or emittedand Nonlinear optical effects take place in any aggregate of
detected light by nanocrystals when one excites more than este pair in a
_ single nanocrystal or causes an unpaired free electron or hole
Exyz=Exy [1+n¥ 0@ 5(w)], (1) to occur there. In porous Si, however, these nonlinear effects

are observed in photoluminescence at much lower excitation

where §(w)=[¢ij(w)/es(w)]—1, ej(w) ande,(w) are the . o T . R
dielectric constants of Si and the effective medium, respecl_ntensmes than in direct semiconductors; this is a conse-

tively (both constants depend on the frequeneyof the guence of.the Vvery Iong radiative Iifetimg$~ 10_100'“.3
light). The depolarization factors§® @, depend on the occurring in Si crystallites. This makes it much easier to

semiaxis dimensions of the ellipsoid,(b, andc), for ellip- ﬁggltree?osr‘r?t?icr)]g?j_hFEzritlrz(Iarr]r:oT:ntc;]ngssi?\l/I\/t;grjci’;?ixtgeréléitr:t?iﬁ a-
soids of revolutior® : ’

tion cannot compete with the fast nonradiative Auger pro-

1-€?/ 1+e 1 . cesses whose typical times are on the order of a
a3 | I 28|<3 if a=b<c nanosecond!® An excited electron-hole pair recombines ra-
n@= Lt e? 2) diatively, and emits light, only if the crystal did not already
+e

contain ane-h pair or free carriers before excitation. As a
result, the total intensity of the PL can be written:

1
— =_— if c<a=b,
i (e—arctare) 3
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Lo ~(N~(O)P p ’ g eratingat4880 A oraHe-Cd lasg420 A). Its polarization
P~ (No(©)P(@e) Plwgd) © relative to that of the pump beam is determined by a system
of a depolarizer and a linear polarizer. Rotating the polarizer

where No(c) is the probability that the crystal contains no rotates the polarization vector of the exciting light in

free electrons and/or holes ad denotes averaging over the sample surface plane; its angle with respect to that of

the di_stributions of crystz_il shapes and ori_entat_ions_. This e the pump beam can be tuned. The probe beam is chopped
pression does not take into account spatial diffusion of the{the pump is operating in cw modand the usual lock-in
excitede-h pairs to other crystallites in_th_e aggregate, andte_chnique is used to measure coherently the PL response
also assumes that there are no nonradiative channels assogj-ihe probe beam. For PL lifetime measurements a pulsed
light of an optical pump beam, we can selectively exciterate is used. The excitation intensity Aw=3.67 eV is
crystals whose largest dimension is parallel to the polarizai0o W/cn?. The resolution time of the detection system for
tion of the pump[see Eq.(4)] and in this way prepare a the lifetime measurements is better than 5 ns. The PL life-
temporary or permanent anisotropic in-surface plane distritimes are obtained from a single exponential fit to the mul-
bution of unexcited crystals. This distribution is reflected intiexponential temporal PL kinetics. As a pump source, a vari-
the angular dependence of the PL intendigy, and leads to  able intensity Ar laser (4880 A) is used. At the large cw
polarization anisotropy effects. In Sec. IV we discuss thepptical excitation intensities, special care is taken to avoid
effect of a polarized pump beam which creates a temporane influence of the room temperature PL degradation on the
anisotropic distribution,Ny(c), coexisting simultaneously results of measurements which could arise, e.g., from heat-
with the pump at room temperature. This distribution is re-ing. All measurements at high optical intensities are made
flected both in the polarization memory effect and in theafter an initial degradation. The procedures described above
polarization of the probe induced PL. In Sec. V we discussare for the room temperature measurements.
the permanent degradation of the photoluminescence by po- The low temperatureT=5 K) PL fatigue effects were
larized light at low temperature, where a permanent anisostudied after an initial illumination of the samples with the
tropic distribution,No(C), results from nanocrystal ioniza- 4880 A linearly polarized line of a cw Ar laser at an inten-
tion. sity of 20 W/cn? for 20 min. Afterwards, the PL excited
with the 4420 A linearly polarized line of a He-Cd laser and
its degree of polarization are measured for different polariza-
tion directions relative to that of the degraded light. We
found no difference between measurements done within
Microporous silicon layers are prepared fromtype  apout ten hours after the initial degradation.
(100), boron doped substrates with a typical resistivity of 5
Q) cm. The electrochemical etching is done in a teflon cell 1Iv. ROOM TEMPERATURE NONLINEAR PL EFFECTS
containing ethanoic hydrofluoric solution, using a Pt wire as
a cathode and an etch current density of 30 mA/cifhe
etching solution is a 1:1 by volume mixture of hydrofluoric  The photoluminescence of porous Si shows very strong
acid (49% wt. in watey and ethanol. The layer thicknesses nonlinear effects at relatively weak excitation intensities.
are chosen from 1 to 1@m to provide uniform optical ex- Typical PL and the degree of polarization spectra obtained
citation within the layer. For some experiments free standindor our samples at low excitation intensity are shown in the
layers are used. They are detached from the substrate liyset of Fig. 1. The PL is linearly polarized throughout the
electropolishing. All the samples are fabricated in the darkentire spectral range; the degree of linear polarization varies
and are aged for several months after preparation in order tvpom 0.2 at the high energy edge of the spectrum to 0.05 at
increase their PL efficiency. the red one, in agreement with previous rep6t&3Figure 1
The experiments are done using a pump-probe techniquehows the dependence of the PL intensity, its decay lifetime,
For the pump, a high intensitjup to 600 W/cnf) cw Ar* and the degree of linear polarization on the cw excitation
or dye laser beam is used. The pump beam is linearly polatintensity for several detection energies. The PL intensity in-
ized in the plane of the sample. The detected emission isreases linearly with the excitation intensitl,,, up to
excited using a weak polarized probe beam. The light of both-2 W/cm?, above which saturation effects are observed.
the pump and the probe beams are deflected using smathe deviation from the linear behavior is stronger, and starts
mirrors and are incident onto the sample normal to the surat lower excitation intensities for lower detection energies
face plane. Coincidence of the pump laser spot with thgFig. 1(@)]. This results in a blueshift of the whole PL spec-
smaller diameter probe laser spot is controlled by an opticatrum with excitation intensity! Lifetimes, measured as a
microscope. The emitted light is collected by the lenses of dunction of the pump beam intensity, do not change at low
condenser and focused onto the entrance slit of a monochrexcitation intensities but decrease in the PL saturation re-
mator. The polarization of the detected light is determined bygime [see Fig. 1b)]. One sees a strong correlation between
a polarizer placed between the lenses of the condensahe PL saturation and the radiative lifetime of the nanocrys-
where the beam is parallel. A depolarizer is mounted at theals contributing to the PL. The PL saturation threshold is
entrance slit of the monochromator, in order to avoid probdower for nanocrystals having longer radiative lifetimes
lems with the polarization properties of the grating. All PL [compare Figs. () and ib)]. The decrease of the radiative
spectra are normalized for the spectral response of the optichfetimes at high excitation intensity shown in Fig(bl is
detection system. also a reflection of the PL saturation in crystals with long
The source of the probe beam is a second Aaser op- radiative lifetimes. The lifetimes shown in Fig(k) are ob-

Ill. EXPERIMENTAL NOTES

A. PL saturation and polarization memory effect
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= 40 | -0 0--0--0--0 ""-o.,“\‘ and 2 e-h pairs, respectively No+N;+N,=N), W,=
.:: h N | x(wey,a) is the average probability for exciting a nanoc-
20 L ® (b) rystal, wherea(wey,a) % wey is the effective absorption cross
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L Ll L section which depends both on the excitation frequency,
p— wey, and the average crystal siadfar from the band edge it
15 '_. . (C) is the same for both the first and the second exatédoair).
& EA“ “;“."-" ...... 7, is the radiative lifetime of a single-h pair and 1f, is the
z 10i """"""" brwen rate of nonradiative Auger recombination in nanocrystals
2 L, fo. =1.55 eV "o with two e-h pairs. We consider only relatively low excita-
8 C ,"’de_' © ea N tion intensities,lo,, wherela7o<1 and the excitation
g S5F ® ho,Sl77eV A * 9 bability of e h eXh irs i ligibl I
ks * ho, =207V Nl . probability o more than twqe- pairs is negligibly small.
& [ . | . el 7Y o For these conditions, E@7) give the steady state concentra-
%.01 0.1 1 10 100 tion of unexcited nanocrystaNo(é,eex):

Excitation intensity (W/cm")
N

1+ 7l ga(wex,@)[1+ K(wex)(&' eex)z] .

No(C,€ex) = ®
FIG. 1. (a) PL intensity versus cw excitation intensity for three

different detection energies: 2.07 g¥quarel 1.77 eV (circles, . . . .
and 1.55 eV(triangleg. The excitation energy is 2.54 e\b) PL The intensity of the PL polarized paraligberpendiculs

lifetimes versus cw pump intensity for the same detection energie%.”(.li)’ to the vector polarization of the exciting light is ob-
The PL is excited by a 300 ps pulsed, Naser at an energy of alngd substituting thls 'funct|on into E¢B), from wh|ch.we'
3.67 eV.(c) The degree of the PL linear polarization versus anObtaln a full description of the degree of polarization
excitation intensity for the same detection energies. The curve = (1= 1)/(1+11). o .
are theoretical fits. Inset: PL spectrugptted ling and the degree Although the polarization vectors of the excitirgg,, and
of PL linear polarization(solid line) at an excitation intensity of detected,eqe, light are in the surface plane of the porous
1 W/cm2. Si film in our experiments, the averaging over the distri-
bution of nanocrystal axes in Eqg. (6) has a three dimen-
sional character. Henceforth, we will use the simplifying
tained from the monoexponential fit to the multiexponentia/@Ssumption that all crystals contributing to the PL at a
decay curves, i.e., the crystals luminescing at the same fréarticular frequency have the same shapearacterized
quency have a distribution of radiative lifetimes. The saturaby n®), size, radiative lifetime, and have thesr axes
tion of the PL at high excitation intensities of those crystalsaligned at an angle relative to the100] p-Si growth direc-
that have long radiative lifetimes leads to an effective detion, cogy=(c-[100]), and that their axes of revolution are
crease in the lifetimes obtained from this monoexponentiafandomly distributed about this direction. With this we ob-
fit to the data. tain the dependence of the PL intensity on the azimuthal
The effect of the PL saturation is clearly seen in the po-anglese, andgeq, of the vector polarizations of the exciting
larization memory effect measuremefsge Fig. {c)]. The  and detected light, respectively:
degree of linear polarization is even more sensitive than the
PL to the excitation intensity and to the detection frequen-
cies. It is independent df,, at low excitation intensity and
decreases after some critical intensity, dependent on the de-
tection frequency, in the range 0.2—0¥4 ng:rﬂ'his behav- +c08q pe— ¢a)[(2+ Ke) kgl 1(De) + Kerql 2(Pe) 1
ior arises from the selective saturation of nanocrystals whose (9)
largest dimension is parallel to the polarization of the excit-
ing light and the consequent decrease of the PL quanturwhere Ke,d=:<(wexydgsin27, lo(X)=1\X2=1, 1,(x)=1—
efficiency of these crystals. To describe this behavior wexly(X), 1(x)=—xl1(x), and the parameter of nonlinearity
consider nanocrystal state filling rate equations for cw polarbe=[2+ 7. We(2+ k¢) ]/ 7, keW, depends on the excitation
ized excitation: frequency and the intensitfW.=la(wy,a)]. Equation

o1 e (2 ko) (2 ) (D) +(2+ kg iel1(be)
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The 180° periodicity of the PL intensity in all cases is very
apparent. The intensity of the PL decreases considerably
when the vector polarization of the probe light approaches
the direction of the pump beam polarization, because the
probe beam is then probing those nanocrystals that have been
selectively saturated by the pump beam. The pump beam
polarization introduces a direction, an anisotropy, in the
sample surface plane. The resultant anisotropic distribution
of pumped crystals leads to a phase shift in the dependence
of the intensity of the probe beam PL on the angle between
the polarizations of the exciting and detected light when the
polarization vector of the probe is not parallel or perpendicu-

. . . . . L . lar to the pump beam. The shift is a maximum when the
80 20 w0 0 60 120 180 angle between the vector polarization of the pump and probe
beams is 451see triangles in Fig.)2 The magnitude of the
shift increases with the intensity of the pump.

FIG. 2. Dependence of the porous silicon PL intensity on the To describe the PL intensities shown in Fig. 2 we use Eq.
angle between the polarizations of exciting and detected light fo{g) with No(aepu) being given by Eq(8) calculated for the
three polarization directions of the pump beam. Pump and prObihtensity and polarization of the pump beam. Using the ap-
beam po_larizations are indicated by the arrows. The curves are th?)‘roximation described above, we find the dependence of the
oretical fits. probe beam PL intensity on the azimuthal angles of the vec-

tor polarization of excitingg,, and detectedpy, light:
(9) coincides with Eq(5) of Ref. 22 at low excitation inten-
sity and givesp=0 at high excitation intensity, when W,
>1.

Using Eq.(9) we describe the dependence of the degree I Wk
of polarization on the intensity of the exciting light, shown in reee
Fig. 1(c). The best descriptionﬂis obtained V\ii7th values of + KekgSIN20SIN20 4]l (b))
a(hwey=2.54 eVa)=3.9X10", 2.3x10 ) and
1.(4>< 10°Y7 cmz/e\i) n®=0.08, 0.05, and 0.01; and (2 Kka) keCOSApet (2 Ke) kgCOSZpa]l 1(byp)
siny=0.57, 0.50, and 0.45 for the detection frequencies €082 @t @g)l2(bp)}, (10
hwge=1.55, 1.77, and 2.07 eV, respectively. We also used
the average experimental values §&=82, 45, and 1%s.

The decrease i with detection energy is well correlated where g, and ¢4 are calculated relative to the vector polar-
with the decrease in the size of those crystals contributing tézation of the pump lightx,= K(wpu)sinzy, and the param-
the PL at higher luminescence energy. The disagreement ater of nonlinearity b,=[2+ 7,W,(2+ «,) |/ 7,k W, de-
high excitation intensity arises from the wide distribution of pends on the excitation frequenay,,, and intensity| ,,, of
radiative lifetimes of the crystals emitting at the same enthe pumping lighf W,=1,,a(wp,,a)]. Using this expression
ergy. One can see, for example, in the luminescence decand the same parameters which gave the best fit to the PL
curves at detection energy 1.55 eV, a distributiorrofrom  polarization in Fig. Ic), we have reproduced the experimen-
105 to 22us. This distribution washes out the rapid transi- tal dependences in Fig. 2.
tion to zero polarization predicted theoretically, because The anisotropy of the selectively saturated distribution of
saturation of crystals with shorter radiative lifetimes occursnanocrystals is better seen in the dependencg oh the
at higher excitation intensities. angle between the polarization of the probe and the pump
beams. Figure 3 shows this dependence for two values of
_ _ . pump intensity.p is isotropic in the surface plane in the
B. Optically induced photoluminescence absence of the pump beam. This is a consequence of the
polarization anisotropy macroscopic isotropy of the porous silicon FRefs. 21 and

We also examine optically induced saturation of the PL22) in the plane perpendicular to t&00] p-Si growth di-
using a pump-probe technique. Anisotropic distributions ofrection. The polarized pump beam clearly induces an anisot-
saturated nanocrystals are prepared by a high integityo ~ ropy which is related to the direction of the pump beam
600 W/cn?) polarized beam, which selectively saturatespolarization (shown by the arroyvand increases with the
crystallites whose largest dimension is parallel to the vectopump intensity. One sees that, for parallel pump and probe
polarization of the pumping light. The effect of this aniso- polarizationsp is ~4% at high excitation intensity and be-
tropic distribution is monitored by studying the PL intensity comes about 8% in the absence of the pump beam. Using Eq.
caused by a weak linearly polarized probe beam. The PI(10) we determine the angular dependence dbr zero and
intensity as a function of its polarization angle is shown inhigh pump beam intensities. The fit shown on Fig. 3 used the
Fig. 2 for three different angles between the vector polarizasame parameters as in Figcll We note here that the probe
tion of the pump and probe beart8°, 45°, and 90°). The beam intensity2 W/cm?) was chosen a bit beyond the range
polarization direction of the detected light is defined withwherep is constanfFig. 1(c)] in order to maintain a reason-
respect to the direction of the polarization of the probe beamable signal-to-noise ratio.

[7) S o~
()] o [,
1 1 T

PL Intensity (arb.units)

w
o
1

Detection polarization angle (degree)

{[(2+ ke)(2+ Kq)



3880 AL. L. EFROSet al. 56

T=300 K y T T T T T T T T
2 30 T=300K fio,=1.96 eV 7
ho, =254 eV g ho =2.54eV
= ¥a
10 ho, =2.80 eV = ,/
& : Ao, =155V ~ 20 4 7]
(=) 4
N~ > 7
g E /'/ pump on R ]
-2 0 =] / (a)
£ 10 ' -
‘3 .= .
S ] ]
~
~ pump |
A 0 W/cm2 L 1 1 1 N 1 1 1 1
= 10 W/em® - r T r T T T r T
® 100 W/em® 5 .
20 'gp et as 1A=A= ' _.
s | e :
< 5 * ale .
FIG. 3. Polar plot of the room temperature PL polarization as a o 15 . : -
function of the polarization direction of the probe beam for three o I «"  pumpoff ,4 . 1
pump beam intensities. The direction of the pump beam polariza- J . AAAA .
tion is indicated by the arrow. The curves are theoretical fits. E 10 - ast
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C. PL quenching at resonant excitation A [ e n &,
In principle, optically induced polarization anisotropy 5t ]
could also arise from the modification of the absorption co- —_—t
1.4 1.6 1.8 20 22

efficient of crystallites containing agrh pair (or an unpaired
free chargg because the electric field of the charges could Energy (eV)
affect further absorption in these nanocrystals. Furthermore
in nanocrystals with well separated quantized levels, the
Pauli principle acting in the lowest lying states leads to FIG. 4. The effect of the resonant pump beam excitation on the
bleaching of the band-edge absorption. However this is ndtL () and the PL polarization spectfa). The effect on the PL
the case in porous Si—our absorption measurements on fré_@lgrizgtion is shown both for the case when the probe beam polar-
standingp-Si layers for the same experimental Configuration'zat'on is pgrallel to and perpen(_:ilcular to that of the pump beam.
do not show any influence of the pump beam on the absorthe brgak in the curves occurs in the spectral cutoff region of the
bance of the probe. This is probably connected with the higWOtCh filter placed in front.of_ the monochromator in order to sup-
density of the band-edge exciton states in Si nanocrystals, R'€SS the pump beam radiation.
multiband effective mass estimate shows that there are at
least 48 band-edge exciton states in spherical Si nanocrys-
tals. states below the pump energy. The spectral dependence of
To prove that the polarization anisotropy effect is con-the deviation fromp measured in the absence of a pump
nected with photoluminescence intensity saturation, we exb€am correlates well with the suppression of the PL inten-
amined the spectral dependence of the PL intensity and sfity. These data rule out the nonlinear absorption model of
p for the case of resonant pumping into the emission ban@olarization anisotropy in explaining our experiments.
(see Fig. 4 The PL spectrum of porous silicon is inhomo-
geneously broadened by the wide distributions of nanocrystal
sizes and shapes which determine the positions of the elec-
tron and hole lowest quantum size levels. The PL of each The PL from porous Si exhibits a low temperature fatigue
nanocrystal is determined by transitions between these leyshenomenon. The PL can be efficiently quenched by intense
els. Thus, at resonant excitation, we selectively excite thosew illumination at liquid helium temperature and does not
crystals whose emission band edge is below the pumpingecover for hours. Figure (8 shows the low temperature
frequency. Figure @) shows, for a pumping frequency porous Si PL spectra before and after degradation of the
fiwp,=1.96 eV and an excitation energy.,=2.54 eV, that  sample by strong cw polarized light for a period on the order
the PL spectrum below the energy of the pump beam i®f 20 min. The PL intensity decreases drastically after deg-
partially quenched, but the luminescence with an energyadation, but heating the samples back up to room tempera-
higher than the pump beam is not affected. The spectral baure restores the initial intensity. This fatigue phenomenon is
havior of p for two probe beam polarization directions rela- connected with the Auger autoionization of the nanocrystals,
tive to that of the pump beariparallel and perpendiculais  when two electron-hole pairs are optically excited, with sub-
shown in Fig. 4b). The variation inp correlates very well sequent Auger quenching of all further radiative recombina-
with the measurements made for nonresonant pumfsieg tion in the charged nanocrystafs?’ The electron ejected
Figs. 2 and B however, there they were seen only for the from the Si crystal is localized on a trap in the matrix. Heat-

V. LOW TEMPERATURE PL DEGRADATION
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light. The initial values ofp vary from 0.04 to 0.08, and do

12 T=5K ho,=2.54 eV not depend on the direction of the vector polarization of the
| ho,=2.80 eV exciting probe light. After degradation by linearly polarized
10k 1,=20 W/em” light, the degree of polarization changes drastically. When
i the directions of the vector polarization of the degrading and
8 i before the probe beams are parallel, the degree of linear polarization
degradation is lower over the whole spectral range of the PL; for the

perpendicular polarization excitation geometpyis higher.

This effect is a consequence again of Auger autoionization of
selectively excited crystals and disappears completely after
(@) heating the samples up to room temperature. This selective

PL intensity (arb.units)

0 L 1 1 B LS degradation process involves a competition between crystal

12k R Auger ionization and crystal neutralization due to thermally
I T " "‘\‘ induced return of the electron back to the crystal. It is de-

10 L 4 Fex /’ Sead scribed by the nanocrystal state filling rate equations for cw
: /’ excitation at a low temperature:

8 i before

N .,
NO—T_NoWd[1+ K(wgg)(C- €49 “1,

r

Polarization (%)

2F N, L, Ny
ol Nl:T_T+(N0_Nl)Wd[l+K(wdg)(C'edg) ]_Tr'
14 1.6 1.8 2.0 22 24
Energy (eV) N
: ~ 2
FIG. 5. The effect of optical degradation by a 20 min illumina- N2=N3Wg[1+ «(wqg)(C: edg)z]_ Tan] (11
tion by a 20 W/cn? 4880A line of a polarized cw AF laser pump
beam on the Pl(a) and the PL polarizatiofb) spectra. The effect
on the PL and on the PL polarization spectrum is shown for the
probe beam polarization both parallelbtted ling and perpendicu- _& _ &
lar (dashed lingto that of the degrading pump beam. T otaa T

ing of the sample returns the electron back to the crystal and
restores its initial optical properties. whereN, is the concentration of ionized nanocrystals with
One can notice in Fig.(®), that degradation changes the main axis alongc, the total crystal concentratioN=N,
porous Si PL spectrum mainly at the high energy part of thetN; +N,+N, at low temperatureéWy=lqqa(wqg,a) is the
emission spectrum, while the red tail of the spectrum is alaverage probability for exciting a nanocrystal at the excita-
most unaffected. The changes in PL are most pronounced iion frequency,wqq, l4q is the intensity of the degrading
the region 1.8—2.2 eV, which is directly related to the effi-light, 1/754 is the rate of Auger autoionization of nanocrys-
ciency of Auger autoionization. The autoionization rate wagals with twoe-h pairs (which we assume does not depend
shown to strongly depend on the nanocrystal radai$,It ~ On its shapg and rr=7,.exp(—AE/KT) is the temperature
varies as &) ~*, wherew ranges from 5 to 7, depending on dependent electron return time from the trap in the matrix

the value of the band offset. Auger autoionization can takfack to tthe nan%crystaAtE IS tTer(]jepth of ”:te t_r aﬁl,'t_ls th?N
place only if the band offset for one of the carriers is smalle emperature, andyh IS a typical phonon scattering ime. Ve

than the effective energy gap of the nanocrystal. Both thes onsider only relatively IQW excitati_qn intensities where
effects lead to more efficient Auger autoionization in small %‘”AA<1 and lt'hgb:exmtatlltl)anrot;]ablIlty of dr.n.ore thanltwo
nanocrystals. The effective energy gap of these nanocrysta?s pairs is negligibly small. For these conditions, Efjl)
is larger due to the quantum size effect and, when they em@'ve for the angular distribution of neutral crystals after
light they do so at a relatively higher frequency. This is thesample degradatioMy(c,eyy):
reason for the redshift of the PL after optical degradation of
the porous Si films. - 2

The effect of the PL degradation in porous Si is clearly No(f: €)= 1+S(c,eg) +(7aa/ 71)S7(C,€49)
seen if the probe light is polarized. The intensity of the PL ' 1+ S(C,e49) +[ (71 Tan) 7 1S%(C.040)
excited by light whose vector polarization is parallel to that (12
of the degrading light is lower than in the perpendicular ge-
ometry[see Fig. 5a)]. This brings about the long-lived op- R R
tically induced polarization anisotrop{.Figure §b) shows whereS(c, ey = 7, W[ 1+ K(wdg)(c-edg)z]. Substituting Eq.
the spectral dependence of the degree of linear polarizatiofi2) into Eqg. (6), one obtains the angular dependence of the
both before and after degradation of the sample by polarize®L intensity of polarized light from the degraded samples:
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where ¢, and ¢4 are measured relative to the vector polar-
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4 before degradation
® after degradation
= after the heating cycle

90

Polarization (%)

10} dg=2.54 eV
ho =2.8 eV
ho,=2.07 eV
1,=100 W/em®

FIG. 6. The effect of low temperature 1.5 K degradation by a

ization of the degrading light, analytical expressions for théwenty minute illumination of a 100 W/cfn4880 A line of a cw

integralsJ,(I49), Which arise from averaging over the azi-

muthal distribution of the axes of thep-Si crystallites, can
be found in the Appendix, and the parameters

N )21+s,(2+xdg)

S\ Taat Ty SrST(Kdg)2
dg=| — L 14
N\ ranat T KdgSt' a4

where kgq= K(wdg)sinzy depends on the frequency of the
degrading lightwgg, andS; = 7, tWy/2.
We can use Eq(13) for describing the dependence of

Ar* degrading laser pump beam on the dependence of the PL po-
larization on the polarization direction of the probe beam. The di-
rection of the degrading pump beam polarization is indicated by the
arrow. Also shown(squaresis the angular dependence of the po-
larization after a cycle of first heating the sample to 250 K, fol-
lowed by an immediate rapid cooling back to 1.5 K. The curves are
theoretical fits.

I~ (No(C,Ee)No(C,E4g) P(we) P(wge)),  (15)

where Ny(C,6,,) and Ny(C,e4) are given by Egs(8) and
(12), respectively. The theoretical curves in Fig. 6 were
obtained using Eq(15) and the same parameters as above
and taking 7aa=17 ns, =3 h, 7,=25 ms, and
a(wey,a) =3.6X10" 1 cm?/eV.

As we mentioned above, heating the samples up to room
temperature recovers the PL intensity and destroys the opti-

on the direction of the exciting light polarization relative to cajly induced polarization anisotropy. Figure 6 also shows
that of the degrading light at low excitation intensity, whenhe dynamics of the recovery at intermediate temperatures.
the probe light should not cause saturation of unchargeghe squares in the figure show the degree of polarization
nanocrystals. From Ed8) one can see that the saturation gfer rapidly heating the degraded sample up to 250 K in 15

condition ist, | .ca~ 1, which goes as; . This is two orders

min and then immediately rapidly cooling it down to 1.5 K

of magnitude larger at liquid helilirzn temperature than afy 5 min. One sees that the polarization anisotropy is drasti-
room temperature, reaching 16-10"%s. As a result, even  cally reduced during this heating cycle. Recovery sets in be-
a probe beam intensity of 0.5 W/chteads to partial satura- tween 150 and 250 K. For comparison we would like to

tion of the crystal and a decreasednThe measured polar-

mention that the polarization anisotropy disappears com-

ization for undegraded samples at liquid helium temperaturg|etely if one holds the temperature at 200 K for 30 min.

is only 8%(see Fig. 6, almost half that at room temperature,

which shows that saturation caused by the probe beam itself

needs to be taken into account.

VI. DISCUSSION

Figure 6 shows the angular dependence of the degree Our polarization studies of the PL saturation effects and

of linear polarization before(triangles and after initial

the PL degradation effect allows us to extract some informa-

ilumination of the sample for 20 min. with the 4880 A lin- tion on the parameters which characterize these nonlinear

early polarized emission line of a cw Arlaser with an

effects. The analysis is done using the simplifying assump-

intensity 100 W/cn? (circles. The PL was excited with the tion that all the crystals contributing to the PL at a particular
4420 A linearly polarized emission line of a He-Cd laserfrequency are characterized by an average shape, size, radia-
with an intensity 0.5 W/cri. After degradation the PL tive lifetime, and orientation relative to thELOQ] p-Si
shows a strong anisotropy caused by Auger autoionization gfrowth direction. The weakest part of this assumption is that
the selectively excited crystals. To describe this angular deconcerning the radiative lifetimes. Our experimental data
pendence the saturation caused by the probe beam has to dearly show a distribution of radiative lifetimes that vary by

taken into account. For this case, instead of &g we have

as much as an order of magnitude for the crystals emitting
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light at the same frequency. This reflects the fact, e.g., thaibom temperature by doping the Si@atrix with impurities
crystals of quite different shapes can emit light at the samé¢hat would provide deep traps there.
frequency but have different radiative lifetim®&sThe distri- In conclusion, we have demonstrated strong nonlinear op-
bution of lifetimes has not been taken into account andical effects in the PL of porous Si which have been well
makes it difficult to describe the intensity dependence of thélescribed as Auger quenching of the luminescence from
PL saturation. nanocrystals which contain unpaired charges or more than

Despite of extreme simplicity of our model, it describes onee-h pair. The high efficiency of the nonlinear effects is a
all our experimental data rather well. The best description igesult of the large ratio of the radiative decay titperous Si
obtained for crystals for which the ratio of their minor to is an indirect semiconductpto typical times for Auger pro-
major axis varies from 1/4—1/12, and whose major axes aré€sses in nanosize semiconductor crystals. This leads to the
directed 26°-35° from thd100] p-Si growth direction. saturation of the PL at low excitation intensities that, at room
These parameters correlate well with the data of TEM meatemperature, is coincident with the pump beam, and to per-
surements of similap-Si sample€®® The values of the sistent PL degradation and optically induced polarization an-
average absorption cross section of the nanocrystaléSotropy at helium temperatures.
6.0x 1071, 4.1x107Y, and 2.9<10 " cm? obtained for
the detection energiebwgy=1.55, 1.77, and 2.07 eV, re- ACKNOWLEDGMENTS
spectively, are quite reasonable. The decrease of cross sec-
tion with detection energy is associated with a decrease ila_
crystal size(far from the band edge, the cross section is 0
proportional to the crystal volume

These cross sections and the absorption coefficiept,
measured for our samples,,=10% cm™! at Ziwe,=2.54
eV, allow us to determine the average crystal concentration:
N=ap/f Wy (wey,a) ~2.4x 10”2 cm~3. This also gives APPENDIX
us an average size[(1—p)/N]*'*=3.1 nm for the Si crys- Averaging Eq.(6) over the azimuthal distribution of the

tallites in our samples which have a porousity @£0.7.  (rystallites in the surface plane of theSi film leads to
These estimates are also consistent with available morph@ﬁtegrals of the form:

logical measurements of similar types of the porous Si

D. Kovalev is grateful to the Alexander von Humbolt
undation for the support. Al. L. Efros wishes to acknowl-
edge the support of the Deuthsche Forschungsgemeinschaft.
This work was supported by the U. S. Office of Naval Re-
search.

samples?
Saturation of the PL at high intensities at room tempera- Il 1 (2= cod'xdx A
ture, and the low temperature fatigue effect, affect the PL nlldg) = —j '
spectra differently. In the first case the PL is quenched in the 2mJo aq+2bycosc+ cosX
low energy part of the spectrum and so the PL line shifts to
the blue. This is directly connected with the radiative decayyhere
time, which is longer for longer detected light wavelengths, 2
and the pump beam suppresses the low energy part of the :l+Sf(2+Kd) T 2+ kg
spectrum. SrSikg  TaatT 7T kg )
The low temperature fatigue effect, however affects
mainly the spectra in the 2—2.2 eV range and so the PL line
shifts to the red. This is caused by Auger autoionization of 2+ Ky 1 T
nanocrystals, which can occur only if the energy which the by= Ky + 2K4St Tapt 7T (A2)

electron gains after annihilation of the secoad pair is

enough to overcome the conduction band offset. Both the

electron affinity of Si and the position of conduction band Calculation of the integrals that appear in E43) gives

edge of SiQ with respect to the valence band of Si are about

of 4.3 eV. As a result efficient Auger autoionization can take

place only in crystallites with an effective energy gap 3o J(2b%—a4—1)2+4b3(ag—b3)+1+ay—2b3

E,=2.15eV. 0~ 2 2 2 2 2 ,
’Room temperature PL saturation of the nanocrystals takes 2(ag—bg)[(2bg—ayg—1)“+4bg(a—by)]

place when each nanocrystal is occupied by a siedigair:

Tl exa(wey,@)~1. In porous Si this happens at very low >
5, \/ V(203

—ag—1)?+4bi(ag— b3 —1—ay+2bj3

excitation intensities! .,=2—-20 W/cn? because the radia-
2[(2b—ag—1)*+4bj(a—bj)]

tive decay time in this material is very long, on the order of
tens of microseconds.
The persistent fatigue and optically induced polarization —bgJo, (A3)
anisotropy effects are determined by the very slow return of
the electrons back to the crystal: at helium temperature
=3 h. The rate of these processes depends exponentially J,=1-2byJ;—aydyg,
on the ratio of the depth of the traps that localize the electron
in the surrounding nanocrystal matrix to the temperature.
This opens an interesting opportunity to observe this effect at J3=—2byJr,—ayd;.
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