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Low-temperature photoluminescence upconversion in porous Si
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~Received 15 July 1999!

We report efficient low-temperature upconverted photoluminescence~UPL! at resonant excitation of the
porous Si photoluminescence band. The UPL has a linear dependence on the excitation intensity, quenches at
elevated temperatures, and is absent in strongly oxidized porous Si and oxidized Si nanocrystals. These
observations are explained by the resonant excitation of electron-hole pairs spatially separated in neighboring
crystals. UPL results from the subsequent excitation of a second pair in the larger of the two crystals and Auger
ejection of a carrier into the smaller one, with the larger gap.
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A property of nanocrystal assemblies that holds gr
promise for future applications is their strong nonlinear o
tical response.1,2 The coexistence of two electron-hole (e-h)
pairs in a nanocrystal leads to Auger photoluminesce
~PL! damping, Auger autoionization, and subsequent Au
quenching of the PL in the ionized crystal.3 These effects
have been clearly observed in single CdSe and In
nanocrystals.4–6 Porous silicon films are assemblies of si
con nanocrystals and nanowires.7,8 The very long radiative
decay time of theire-h pairs, microseconds to milliseconds9

allows nonlinear effects to be especially strong and obs
able at very low excitation intensity. These lead to P
photodegradation10 and to the optically induced polarizatio
anisotropy of the PL in porous Si.11 In this paper we conside
another important consequence of Auger autoionizatio
efficient low-temperature upconversion of the PL.

Upconverted, or anti-Stokes PL~UPL! has been observe
in several different inhomogeneous media under resonan
tical excitation: in heterostructures,12–14 sets of quantum
wells,15–17 amorphous Si,18 fluctuating width quantum
wells,19 and recently, in an ensemble of nanocrystals.20 In all
these experiments the UPL lies within the nonresonant
spectrum~excited well above the absorption band edge! and
obviously originates from the same emitting states as the
The additional energy necessary for the UPL can be provi
by a phonon bath. In this case, the intensity of the U
grows with increasing temperature as is seen in Ref.
However, when experiment shows the opposite tempera
dependence, the additional energy can only come from
second photon excitation13 or from the nonradiative Auge
recombination of a seconde-h pair.12,14,15These experiments
show an almost linear dependence of the UPL intensity
excitation intensity well below the PL saturation limit. Th
behavior can be explained in terms of a two-step absorp
process, and assuming saturation of a long-lived intermed
state.12,14,15,20However, the nature of this long-lived stat
which strongly depends on the heterostructure type13,14 and
the sample structure,15 is well understood only for type-II
heterostructures.12

Our ability to control the size distribution and the surfa
of the Si nanocrystals in porous Si films together with th
PRB 610163-1829/2000/61~23!/15841~7!/$15.00
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long radiative lifetime makes this material an almost ide
system for studying UPL. We show that the long-lived inte
mediate state characterized in porous Si at low temperat
behaves like a spatially separatede-h pair state with the
electron and the hole existing in neighboring nanocryst
Optical excitation of a seconde-h pair in the larger of these
nanocrystals leads to the Auger injection of a carrier into
smaller one and subsequent UPL emission. Measured
dependences of the PL and UPL transient behavior indic
that the UPL from the smaller nanocrystals is accompan
by quenching of the PL in the larger ones. This phenome
is a direct consequence of the process described above.

The UPL in porous Si is observed at resonant excitat
of a broad PL band. We performed these experiments ov
wide range of excitation energies on sets of hydrog
passivated and naturally oxidized porous Si samples,
strongly oxidized Si nanocrystals. These samples have n
resonant PL maxima in the range 1.5–2.1 eV. The first t
sets of samples were prepared from~100!-orientedp-type
c-Si with resistivities 4 –6V cm. Anodization in the dark was
carried out in a 50% HF-ethanol solution. To produce t
layers with different mean size Si nanocrystals, a change
the HF-ethanol ratio from 3:7 to 2:1 was made. The stron
oxidized Si nanocrystals were prepared either by oxidat
of macroporous Si layers made from a heavily boron-dop
c-Si with the procedure described in~Ref. 21! @initially con-
taining crystallites with typical sizes 10–20 nm~Ref. 22!# at
T51000°C for 40 min, or by Si ion implantation in a SiO2
layer ~50 keV at a fluence of 531016 cm22) and a subse-
quent annealing atT51100°C for 15 min. A~cw! HeCd~2.8
eV! and Ti-sapphire laser is used to excite the nonreson
and resonant PL, respectively, and a Si charge-coupled
vice or a fast photomultiplier is employed for detection. T
suppress stray light from the exciting chopped cw laser,
entrance slit of the monochromator is blocked by a mecha
cal shutter when the laser beam illuminates the sample. T
the light detection is time-delayed: the time interval betwe
mechanical shutting of the laser beam and opening of
monochromator slit is about 20ms and much faster than th
characteristic decay times of both the PL and the UPL~see
Fig. 2!. This technique provides nearly complete laser lig
15 841 ©2000 The American Physical Society
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15 842 PRB 61D. KOVALEV et al.
suppression and collection of the emitted light from t
sample. All PL spectra are normalized to correct for the s
sitivity of the optical system.

Figure 1 shows typical low-temperature resonant PL sp
tra ~a! naturally oxidized~kept for one year under ambien
conditions! and ~b! hydrogen-passivated porous Si samp
excited on the low-energy side of the nonresonant emis
band~shown in the insets!. The Stokes PL consists of a set
peaks assigned to transitions involving no-phonon and 1
2TA, 1TO, TO1TA, and 2TO momentum-conservin
phonons in the absorption-emission cycle.23,24 The spectra
also show intense upconverted emission which grows p
gressively relative to the Stokes PL with decreasing exc
tion energy. The efficiency of the upconversion is, contr
to the references cited above, very large: at the lowest e
tation energy used, the intensity of the UPL reaches the
tensity of the Stokes PL.

One should mention that while the intensity of the UP
reaches the intensity of the Stokes PL at the lowest energ
the exciting light, the intensity of these features is down
two orders of magnitude relative to the resonant PL obser
at the highest excitation energy used. In addition, a sim
difference exists for the PL quantum yield for the reson
excitation25 relative to that for nonresonant excitation; res
nant excitation is an extremely inefficient process. Howev
as is seen from PL hole burning measurements,10 the occur-
rence of phonon replicas of the PL is a general feature of
light emission from porous Si even under efficient nonre
nant excitation; thus the inefficiency of the resonant exc
tion is a result of the low density of intrinsic electronic stat
inside Si nanocrystals in the vicinity of the excitation energ

At this point one must ask two questions concerning
nature of the anti-Stokes PL. Is the source of the UPL id
tical to that responsible for the Stokes part of the spectra,
what is the mechanism for the energy gain? Among all p

FIG. 1. Resonantly excited PL spectra of two porous silic
samples having different average nanocrystal sizes.~a! Naturally
oxidized. ~b! Hydrogen passivated. Excitation energies are in
cated by down arrows,T54.2 K, I ex51 W/cm2. Up arrows label
the features of the PL associated with no-phonon~NP! and
momentum-conserving phonon-assisted transitions.~a! 1:TA-, 2:
TO-, 3:TA1TO-, and 4:2TO-phonon-assisted precesses, res
tively. ~b! 1:NP, 2:TO-, 3:2TO-. Nonresonantly excited PL spec
(Eex52.8 eV) are shown in the insets.
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sible scenarios of energy gain, a few can be ruled out ea
At experimental temperatures;4 K, the thermal energy
available for upconversion from the phonon bath is much
small to explain the spectral extension of the UPL spectra
up to a few hundreds of meV. A simultaneous absorption
two exciting photons involving extremely short-lived virtu
states is impossible as well; it requires much higher exc
tion intensities, of order MW/cm2-GW/cm2, than those used
in our experiments~the UPL band still can be observed
intensities even less than 0.1 W/cm2).

The source of the UPL can be identified by a comparis
of the behavior of the lifetime of the Stokes and anti-Stok
PL. For the conventional PL of Si nanocrystals, the lifetim
is determined by the thermal equilibrium between the sh
lived spin-singlet and the long-lived spin-triplet luminescin
exciton states, with lifetimestsinglet;ms and t triplet;ms,
respectively.23 As shown in Fig. 2, the lifetime of the UPL
exactly follows the two-level statistics of the convention
PL and is in quantitative agreement with Ref. 23. This su
gests that excitons confined in Si nanocrystals are resp
sible for both the PL and UPL emission. As a result, t
shape of the UPL band is also determined by the size di
bution of the Si nanocrystals, but its peak is;0.120.2 eV
lower in energy than the nonresonantly excited PL peak@see
Fig. 1~a! and Fig. 1~b!#.

It takes at least two exciting photons to generate the U
in our case, and thus we might expect the intensity of
UPL to scale nonlinearly with the excitation intensity. How
ever, Fig. 3 shows that the UPL intensity is a linear functi
of the excitation intensities over a wide range of intensit
~and only atI ex,1021 W/cm2 does it become weakly supe
linear!. The intensity of the Stokes PL, measured at the
ergy of the 2TO-phonon peak, is a linear function of t
excitation intensity up to;10 W/cm2; above this, the inten-
sity of both the Stokes PL and the UPL begins to saturate
this point one should mention that destabilization of Si na
crystal surface chemistry at high excitation power has b
reported by different groups, and that this leads to irreve
ible PL degradation~for a detailed discussion, see Ref. 26!.
Most of these measurements were done at room tempera
and ambient conditions. In addition, high excitation energ
were used, so that the light was efficiently absorbed and

-

c-

FIG. 2. The temperature dependence of the Stokes PL~circles!
and UPL~triangles! lifetime. Solid and dashed lines are fits accor
ing to the procedure described in Ref. 23.
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PRB 61 15 843LOW-TEMPERATURE PHOTOLUMINESCENCE . . .
power density was very high. Our measurements, howe
have been performed at liquid He temperatures, which
sures efficient cooling of our samples. Since the PL and U
power laws have been measured on a seconds time scal
did not detect any irreversible PL degradation phenomen
even an order of magnitude higher excitation intensity w
low-energy light. The linear dependence of the UPL intens
suggests that there is an intermediate long-livede-h pair
state in part of the process giving rise to the UPL. The lo
decay time of these states allows them all to be occupie
very low excitation intensities. The UPL is due to the abso
tion, now, of a second photon, which provides the exc
energy. In order to explain the observed linear behavior,
lifetime of the intermediate state has to be significan
longer than the exciton lifetime in Si nanocrystals@on the
order of ms~Ref. 23!#.

This long-lived intermediate state can only be ane-h pair
with a very small overlap integral between localized elect
and hole states. The overlap is small if one of the particle
localized at the crystal surface~in this case the first photon
excites band and midgap states! or if they are in two neigh-
boring crystallites~in this case the first photon creates t
two band states in different crystals!. To clarify this point,
we have performed a set of independent experiments.
first indication that midgap states are not involved in t
UPL excitation mechanism comes from similarities of lif
times of the PL and UPL at low temperatures. If the seco
absorption event occurs through a midgap state, the fi
excited state giving rise to UPL has to be considered as h
ing an unphysically long lifetime, in the millisecond range.
second indication comes from hydrogen effusion exp
ments. As it was well documented in Ref. 27, removing
passivating hydrogen from the surface of the crystallites c
ates a large number of such midgap states~dangling bonds!

FIG. 3. Excitation intensity dependence of the PL measure
the 2TO peak energy position~circles! and UPL (Edet51.5 eV,
squares!. T54.2 K, Eex51.483 eV. The solid lines are steady-sta
solutions of the rate equations in the text. The dashed lines
indicated to show a linear dependence on the excitation intens
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which act as nonradiative defects. This lowers the exter
PL quantum efficiency by a factor on the order of 100; w
find that neither the relative intensities nor the spectral sh
of the PL and UPL are changed. If midgap states were
intermediate states in the upconversion process, one w
expect a relative increase of the UPL with respect to
Stokes PL. One might consider that hydrogen is an impor
component of the photoluminescent emitter. However,
well-pronounced momentum-conserving phonon replicas
the Stokes PL give evidence that the Si crystalline core
responsible for the light emission.

The role of charge separation can be also studied by u
nanocrystals isolated by high potential barriers. Figure
shows the resonant PL spectrum for a system of Si nan
rystals surrounded by a thick SiO2 shell which prevents any
carrier transfer between the crystallites. These nanocrys
have been produced by Si ion implantation in a SiO2 layer,
which ensures the presence of such a shell. While the s
combination of momentum-conserving phonon peaks is
served as in Fig. 1, UPL is completely absent. This is true
all the excitation energies we used. This observation imp
that carrier transfer between nanocrystals plays a crucial
in the upconversion process. There should be no signific
difference between an assembly of isolated nanocrystals
a nanocrystal network if the midgap states inside of a sin
nanocrystal were responsible for the UPL emission.

The polarization of the UPL in porous silicon can reve
information about the excitation mechanisms of the UPL a
Stokes PL. The polarization properties of porous Si PL
determined by the anisotropic shapes of randomly orien
Si crystals.28 Linearly polarized light selectively excite
those crystals whose largest dimension is parallel to the v
tor polarization of the exciting light. This is because insi
the nanocrystal the resultant depolarization decreases
component of the electric field along that axis less than
does the other components. The light subsequently em
by these crystals is also predominantly polarized along

at

re
.

FIG. 4. Resonantly excited PL from Si nanocrystals having
thick oxide shell,T54.2 K, I ex51 W/cm2. The excitation energy
is indicated by the arrow.
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15 844 PRB 61D. KOVALEV et al.
same direction. This results in a strong polarization mem
effect that is determined by the crystal shapes only~one can
find a review of this effect in Ref. 29!.

Figure 5 shows both the PL spectrum from the natura
oxidized sample excited by linearly polarized light, and
polarization. The relative strength of the UPL was kept lo
so as not to affect the degree of polarization of the Sto
PL. The linear polarization memory effect is defined as
ratio r5@(I i2I')/(I i1I')#3100%, whereI i(I') is the in-
tensity of the PL polarized parallel~perpendicular! to the
direction of the electric field of the exciting light. One ca
see that at energies below the excitation the PL is polariz
Furthermore, the polarization decreases towards lower de
tion energies, in agreement with Ref. 30. This reflects
polarization selective absorption-emission cycle occurring
the same nanocrystal.28,30 In contrast, the UPL is nearly un
polarized with a very sharp transition at the excitation e
ergy. The absence of polarization of the UPL suggests
the emitting nanocrystal is different from the excited one
would be expected from a model that assumes a spatial s
ration of the electron and hole in separate crystals. If a
quential two-photon absorption within a single crystall
were responsible for the upconversion, the UPL would a
show the polarization memory effect.

Taking all this into account suggests the model of UPL
porous Si that is shown schematically in Fig. 6. Si nanocr
tals in hydrogenated porous Si samples are not separate
the high potential barrier that exists in strongly oxidiz
samples. This allows direct excitation of coupled neighb
ing crystals, with the excited carriers localized in differe
crystals. These states have a very long decay time. The
eration of a seconde-h pair in the larger of the two crystal
then results in the Auger ejection of the remaining carr
into the smaller neighbor~which has a larger gap!. Subse-
quent recombination of thee-h pair in that crystal gives the
UPL. A system of rate equations describing the occupa
of these coupled nanocrystals, from which we can obtain
UPL at excitation frequency,v, can be written

Ṅ052WN02WinN01
N1

t r
1

Ns

t in
1

Nu

t r
,

FIG. 5. Resonant PL and UPL spectrum from porous Si~solid
line! and the luminescence polarization~solid squares!. Note the
sharp decreases of the polarization above the energy of the exc
light.
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Ṅ15WN02WN12
N1

t r
,

~1!

Ṅs5WinN02
Ns

t in
2WNs1WN1 ,

Ṅu5WNs2
Nu

t r
,

whereN0,1,s,u are, respectively, the concentration of neig
boring crystals with zeroe-h pairs in both of the coupled
crystals, onee-h pair in the larger crystal~smaller absorption
edge!, one electron and one hole occupying separate crys
and onee-h pair in the smaller crystal~large energy gap!;
N01N11Ns1Nu5N(v), N(v) is the concentration of
coupled pairs of crystals, one of which has an energy
greater than the excitation energy,\v, and the other whose
energy gap is smaller than\v, t r is the intrinsic exciton
radiative lifetime in a nanocrystal,t in is the recombination
time of a separatede-h pair, W5sI ex/\v and Win
5s inI ex/\v, wheres(v) ands in(v) are, respectively, the
absorption cross section for the direct excitation of the lar
crystal and for a spatially separatede-h pair, andI ex is the
intensity of the exciting light.

Equation~1! assumes that all Auger processes are m
faster than typical radiative transition times~a very good
approximation for Si nanocrystals.31! This means that the
excitation of a seconde-h pair in a crystal which already
contains a pair leads instantaneously to the ionization of
crystal and to a spatially separatede-h state~this process is
described by the termWN1). Excitation of ane-h pair in an
already ionized crystal leads to the generation of ane-h pair
in the nanocrystals with a larger energy gap~this process is
described by the termWNs). We also assume that the barri
height for one of the carriers~a hole in our scheme! is sig-
nificantly larger than for the second one. As a result, a h
cannot be ejected into the smaller crystal unless there is
ready an electron there which decreases this effective ba
height.

The steady-state solution of the kinetic state-filling equ
tions @Eq. ~1!# gives the following intensity dependence
the UPL:

ing

FIG. 6. A schema of the coupled dot model for generation of
UPL in hydrogenated porous Si.W andWin are generation rates fo
the different excitation paths in a system of coupled nanocryst
N1,U,S are the concentrations of crystallites having specific occu
tion scenarios indicated in the text. The word open ‘‘Auger’’ labe
an intermediate Auger event.
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I u;
Nu

t r
5

WSin@a1~11a!Wt r #N~v!

112Wt r1Sin@a1~11a!Wt r #~11Wt r !
,

~2!

wherea5Win /W andSin5t inW/(11t inW). The UPL inten-
sity is proportional tot in and therefore the existence of th
long-lived intermediate state is essential. One can see th
very low excitation intensity, below the saturation region
the intermediate state (Wt in,1), the UPL is a superlinea
function of the excitation intensity. In the saturation regi
of the intermediate state (Wt in@1), it behaves linearly. De
viation from the linear regime occurs again at the Aug
saturation condition for both the UPL and Stokes PL (Wt r
.1, double occupation of nanocrystals by twoe-h pairs!.
The calculated dependence is shown in Fig. 3. The resu
similar considerations for the intensity of the Stokes PL
isolated crystals is also shown in Fig. 3. The following e
perimental values for porous Si were used in these calc
tions: s51.1310218 cm2 ~derived from the PL Auger satu
ration, see Ref. 11! and the intrinsic exciton radiative
recombination timet r53 ms. The fitting parametersa
50.3 andt in53 s give the best description of our data f
Eex51.483 eV.

We find strong further support for our model in the stu
of the temporal response of the UPL and the Stokes PL.
model predicts that, at a low enough excitation intens
after the beginning of the cw optical excitation, a spec
transient behavior occurs before a steady-state conditio
charge separation and indirect recombination is achiev
The slow build up of space-separatede-h pairs in neighbor-
ing crystals leads to a time-dependent growth of the U
This is accompanied by an Auger suppression of the Sto
PL from the larger crystals of the neighbor pair~due to their
being charged!. This transient process is expected to be fas
at higher light intensities. Figure 7 shows the temporal
sponse of the spectrally integrated UPL~a! and Stokes PL
~b! for an abrupt steplike onset of the exciting laser at ti
zero. The selection of the spectral range was done using
and high-pass optical filters in front of a photomultipli
tube. The beam of a cw Ti-sapphire laser was opened wi
20 microseconds at time zero by a mechanical shutter.
kinetics of the Stokes PL have been measured at a some
higher excitation energy than that of the UPL to avoid sp
tral overlap of two PL bands. At low excitation energy, t
excitation intensity is chosen higher in order to maintain
reasonable signal-to-noise ratio. These experiments w
performed atT54.2 K, after initial heating of the samples t
T5300 K, to assure that any previously charged nanoc
tals are neutralized by thermally induced charged-car
transport. The UPL rises with time from zero to a stead
state intensity. The rise time is excitation intensity depend
and is shorter at higher intensity. In contrast, the Stokes
intensity decreases with time until it reaches a cons
value, which is about 90% of its initial strength~for clarity
we have substracted the intensity of the Stokes PL obse
after the transient process under cw excitation conditio!.
The Stokes PL decay time and rise time for the UPL dep
the same way on the intensity. In Fig. 7 we show the tr
sient processes calculated using the time-dependent sol
of Eq. ~1! with the same parameters used to describe
intensity dependence.
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The existence of long-lived spatially separated charge
crucial for our model of the UPL. To describe the observ
UPL intensity dependence, one has to assume that the
time of the intermediate state is on the order of secon
Experimental evidence for such states comes from the ob
vation of an extremely long-lived component of the PL~see
Fig. 8!. This fluorescence was measured atT51.5 K after
initial cw illumination of the sample~immersed in superfluid
He ambient to avoid heating during illumination! by a high-
energy 2.54 eV Ar-ion beam laser for 5 min. The excitati
intensity I ex510 W/cm2 was chosen to be many orders
magnitude less than that used for the two-photon excitat
This illumination creates spatially separatede-h pairs which
recombine slowly after switching off the excitation sourc
The spectrally integrated FL response, integrated over a
time window, has been measured at 10 s intervals. The de

FIG. 7. Temporal dependence of the UPL@~a!, circles, Eex

51.48 eV# and Stokes PL@~b!, squares,Eex51.57 eV#; the CW PL
level has been substracted.T54.2 K. The excitation intensities ar
indicated. Solid lines are solutions of the time-dependent rate e
tions in the text.

FIG. 8. The decay curve of the spectrally integrated long-liv
fluorescence. Signal integration time is 10 s.T51.5 K.
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15 846 PRB 61D. KOVALEV et al.
is strongly nonexponential and it varies over three deca
from seconds to 10 min. However, the main contribution
the quantum yield of the FL comes from recombination li
times on the order of seconds. This is consistent with
value we used fort in , and with the cw PL and UPL transien
times shown in Fig. 7. The FL decay behavior, moreover
strongly temperature-dependent. This shows that none
nential decay of the FL may be connected with a distribut
of barrier heights which the carrier must overcome bef
recombination can occur. The higher the temperature,
larger is the amplitude of the FL and the shorter the de
time. Exact information on the time-integrated FL intens
is not experimentally available since the heating of
sample to elevated temperature takes place on a 10 sec s
During the heating process the amplitude of the FL is risi
However, according to our measurements the FL inten
~integrated over the heating to 20 K and with stabilized te
perature time domains! is of the same order as at low tem
perature ~1.5 K!. We believe that increased temperatu
stimulates transport between the crystallites and thus ac
erates the recombination of the separatede-h pairs. It is nec-
essary to mention that, in fact, the value oft in53 s should
be considered as an average value for the spectrally
grated PL and UPL seen in Figs. 7 and 8. However, it gi
a satisfactory fit for all experiments described above.

As seen in Fig. 9, temperature-stimulated carrier trans
also results in a strong dependence of the UPL intensity
the ambient temperature. While the integrated intensity
the Stokes PL remains almost constant with rising temp
ture ~the smearing of the exciton peaks is due to interact

FIG. 9. Resonant PL spectra from a hydrogen-passivated sa
at different temperatures.I ex51 W/cm2. The excitation energy is
indicated by the arrow.
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with acoustical phonons!, the UPL intensity vanishes rapidly
At 100 K the UPL band disappears completely~the weak
anti-Stokes tail seen is due to thermal smearing of the Sto
PL!.

In Fig. 1 we saw that the relative strength of Stokes a
anti-Stokes PL also depends strongly on the position of
excitation energy inside the nonresonantly excited lumin
cence band. The UPL intensity grows relative to the intens
of the Stokes PL with decreasing excitation energy, and
comes comparable to it at the red edge of the porous S
band. This implies two things. First, that the concentration
coupled crystals excited at the red edge of the PL line,N(v),
is greater than that of isolated crystals. This is consist
with the fact that, on the red edge, any crystallite has a hig
probability of pairing with a smaller neighbor~a possible
emitter for high-energy UPL!, and the largest crystallite is
always surrounded by smaller ones.

It also implies that, for very low excitation energy,Win
;W, which can be directly seen from the comparable a
plitudes of the PL and UPL bands~this also justifies the
value ofa50.3 for the calculated UPL power dependenc!.
This unexpected result may be connected with the supp
sion of phonon-assisted direct excitation of the larg
nanocrystals where energy conservation allows only z
phonon optical absorption~under resonant excitation!. The
probability of direct zero phonon excitation of a single nan
crystal and of space-indirect excitation of coupled cryst
can be comparable, because, in both tunneling and con
ment, the barrier leads to breakdown of thek-conservation
rule necessary for indirect phononless transitions.

Despite the simplicity of our model, it describes all o
UPL experimental results very well. The crucial feature
the model is the existence of a long-lived spatially separa
e-h pair state. The lifetime of this state, derived from t
UPL power dependence, is of the order of seconds and
good agreement with both the specific transient behavio
the PL and UPL bands and the extremely long-lived fluor
cence whose characteristic transient times have a sim
value. The particular properties of porous Si allow us
identify the particular nature of this intermediate state a
the mechanism of the secondary excitation. This can be
ficult in other inhomogeneous systems which exhibit UP
We believe, however, that, in a general sense, this mo
shares the common feature of the luminescence upcon
sion phenomena in all these systems. That is the existenc
a long-lived spatially separated intermediatee-h pair state,
which can accumulate carriers for either subsequent Auge
direct optical excitation into high-energy states which a
responsible for the UPL.

This work was supported by the Office of Naval R
search.
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