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Low-temperature photoluminescence upconversion in porous Si
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We report efficient low-temperature upconverted photoluminescddB¢) 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.

A property of nanocrystal assemblies that holds greatong radiative lifetime makes this material an almost ideal
promise for future applications is their strong nonlinear op-system for studying UPL. We show that the long-lived inter-
tical responsé:? The coexistence of two electron-hole-K) mediate state characterized in porous Si at low temperatures
pairs in a nanocrystal leads to Auger photoluminescencbehaves like a spatially separateeh pair state with the
(PL) damping, Auger autoionization, and subsequent Augeelectron and the hole existing in neighboring nanocrystals.
quenching of the PL in the ionized crysfalhese effects Optical excitation of a seconeth pair in the larger of these
have been clearly observed in single CdSe and InAfianocrystals leads to the Auger injection of a carrier into the
nanocrystalé-—® Porous silicon films are assemblies of sili- smaller one and subsequent UPL emission. Measured time
con nanocrystals and nanowire$The very long radiative dependences of the PL and UPL transient behavior indicates
decay time of theie-h pairs, microseconds to millisecondls, that the UPL from the smaller nanocrystals is accompanied
allows nonlinear effects to be especially strong and obserwy guenching of the PL in the larger ones. This phenomenon
able at very low excitation intensity. These lead to PLis a direct consequence of the process described above.
photodegradatid and to the optically induced polarization ~ The UPL in porous Si is observed at resonant excitation
anisotropy of the PL in porous $%.In this paper we consider of a broad PL band. We performed these experiments over a
another important consequence of Auger autoionization—wide range of excitation energies on sets of hydrogen-
efficient low-temperature upconversion of the PL. passivated and naturally oxidized porous Si samples, and

Upconverted, or anti-Stokes RUPL) has been observed strongly oxidized Si nanocrystals. These samples have non-
in several different inhomogeneous media under resonant opgesonant PL maxima in the range 1.5-2.1 eV. The first two
tical excitation: in heterostructuré$;** sets of quantum sets of samples were prepared fraD0-oriented p-type
wells*~Y" amorphous S fluctuating width quantum c-Si with resistivities 4—6) cm. Anodization in the dark was
wells® and recently, in an ensemble of nanocrysfals all ~ carried out in a 50% HF-ethanol solution. To produce the
these experiments the UPL lies within the nonresonant Pllayers with different mean size Si nanocrystals, a change of
spectrum(excited well above the absorption band edged the HF-ethanol ratio from 3:7 to 2:1 was made. The strongly
obviously originates from the same emitting states as the PLoxidized Si nanocrystals were prepared either by oxidation
The additional energy necessary for the UPL can be providedf macroporous Si layers made from a heavily boron-doped
by a phonon bath. In this case, the intensity of the UPLc-Si with the procedure described (Ref. 2J) [initially con-
grows with increasing temperature as is seen in Ref. 19aining crystallites with typical sizes 10—20 nRef. 22] at
However, when experiment shows the opposite temperaturé=1000°C for 40 min, or by Si ion implantation in a SiO
dependence, the additional energy can only come from kyer (50 keV at a fluence of 510 cm™?) and a subse-
second photon excitatibhor from the nonradiative Auger quent annealing & =1100°C for 15 min. Alcw) HeCd (2.8
recombination of a secorsh pair21*1°These experiments eV) and Ti-sapphire laser is used to excite the nonresonant
show an almost linear dependence of the UPL intensity omnd resonant PL, respectively, and a Si charge-coupled de-
excitation intensity well below the PL saturation limit. This vice or a fast photomultiplier is employed for detection. To
behavior can be explained in terms of a two-step absorptiosuppress stray light from the exciting chopped cw laser, the
process, and assuming saturation of a long-lived intermediatentrance slit of the monochromator is blocked by a mechani-
state!>141520However, the nature of this long-lived state, cal shutter when the laser beam illuminates the sample. Thus
which strongly depends on the heterostructure tyftand  the light detection is time-delayed: the time interval between
the sample structur€, is well understood only for type-lIl mechanical shutting of the laser beam and opening of the
heterostructure¥. monochromator slit is about 20s and much faster than the

Our ability to control the size distribution and the surfacecharacteristic decay times of both the PL and the U&te
of the Si nanocrystals in porous Si films together with theirFig. 2). This technique provides nearly complete laser light
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FIG. 2. The temperature dependence of the StokegcRtles
FIG. 1. Resonantly excited PL spectra of two porous siliconand UPL(triangles lifetime. Solid and dashed lines are fits accord-
samples having different average nanocrystal sig@sNaturally ing to the procedure described in Ref. 23.
oxidized. (b) Hydrogen passivated. Excitation energies are indi-
cated by down arrowsT=4.2 K, I.,=1 W/cn?. Up arrows label sible scenarios of energy gain, a few can be ruled out easily.
the features of the PL associated with no-phon®P) and At experimental temperatures-4 K, the thermal energy
momentum-conserving phonon-assisted transitidas.1:TA-, 2. available for upconversion from the phonon bath is much too
TO-, 3:TA+TO-, and 4:2TO-phonon-assisted precesses, respegmall to explain the spectral extension of the UPL spectra of
tively. (b) 1:NP, 2:TO-, 3:2TO-. Nonresonantly excited PL spectrayp to a few hundreds of meV. A simultaneous absorption of
(Eex=2.8 eV) are shown in the insets. two exciting photons involving extremely short-lived virtual
states is impossible as well; it requires much higher excita-
suppression and collection of the emitted light from thetion intensities, of order MW/cfGW/cn?, than those used
sample. All PL spectra are normalized to correct for the senin our experimentgthe UPL band still can be observed at
sitivity of the optical system. intensities even less than 0.1 W/&m
Figure 1 shows typical low-temperature resonant PL spec- The source of the UPL can be identified by a comparison
tra (a) naturally oxidized(kept for one year under ambient of the behavior of the lifetime of the Stokes and anti-Stokes
conditions and (b) hydrogen-passivated porous Si samplesPL. For the conventional PL of Si nanocrystals, the lifetime
excited on the low-energy side of the nonresonant emissiois determined by the thermal equilibrium between the short-
band(shown in the insels The Stokes PL consists of a set of lived spin-singlet and the long-lived spin-triplet luminescing
peaks assigned to transitions involving no-phonon and 1TAexciton states, with lifetimesrgingier 4S and 7yipier~mS,
2TA, 1TO, TO+TA, and 2TO momentum-conserving respectively’> As shown in Fig. 2, the lifetime of the UPL
phonons in the absorption-emission cytlé? The spectra exactly follows the two-level statistics of the conventional
also show intense upconverted emission which grows proPL and is in quantitative agreement with Ref. 23. This sug-
gressively relative to the Stokes PL with decreasing excitagests that excitons confined in Si nanocrystals are respon-
tion energy. The efficiency of the upconversion is, contrarysible for both the PL and UPL emission. As a result, the
to the references cited above, very large: at the lowest excshape of the UPL band is also determined by the size distri-
tation energy used, the intensity of the UPL reaches the inbution of the Si nanocrystals, but its peak-i€.1-0.2 eV
tensity of the Stokes PL. lower in energy than the nonresonantly excited PL fJeale
One should mention that while the intensity of the UPL Fig. 1(a) and Fig. 1b)].
reaches the intensity of the Stokes PL at the lowest energy of It takes at least two exciting photons to generate the UPL
the exciting light, the intensity of these features is down byin our case, and thus we might expect the intensity of the
two orders of magnitude relative to the resonant PL observedPL to scale nonlinearly with the excitation intensity. How-
at the highest excitation energy used. In addition, a similaever, Fig. 3 shows that the UPL intensity is a linear function
difference exists for the PL quantum yield for the resonanif the excitation intensities over a wide range of intensities
excitatiorf® relative to that for nonresonant excitation; reso-(and only atl .,<10™ 1 W/cn? does it become weakly super-
nant excitation is an extremely inefficient process. Howeverlinearn. The intensity of the Stokes PL, measured at the en-
as is seen from PL hole burning measureméhtie occur-  ergy of the 2TO-phonon peak, is a linear function of the
rence of phonon replicas of the PL is a general feature of thexcitation intensity up te- 10 W/cn?; above this, the inten-
light emission from porous Si even under efficient nonresosity of both the Stokes PL and the UPL begins to saturate. At
nant excitation; thus the inefficiency of the resonant excitathis point one should mention that destabilization of Si nano-
tion is a result of the low density of intrinsic electronic statescrystal surface chemistry at high excitation power has been
inside Si nanocrystals in the vicinity of the excitation energy.reported by different groups, and that this leads to irrevers-
At this point one must ask two questions concerning theible PL degradatiorffor a detailed discussion, see Ref.)26
nature of the anti-Stokes PL. Is the source of the UPL idenMost of these measurements were done at room temperature
tical to that responsible for the Stokes part of the spectra, andnd ambient conditions. In addition, high excitation energies
what is the mechanism for the energy gain? Among all poswere used, so that the light was efficiently absorbed and the
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FIG. 3. Excitation intensity dependence of the PL measured af ;1 :q Sbyethe arrow & ¢ © excitation energy

the 2TO peak energy positiotircles and UPL Eg=1.5 eV,

squares T=4.2 K, E,,=1.483 eV. The solid lines are steady-state o )
solutions of the rate equations in the text. The dashed lines aréhich act as nonradiative defects. This lowers the external

indicated to show a linear dependence on the excitation intensity.PL quantum efficiency by a factor on the order of 100; we
find that neither the relative intensities nor the spectral shape
power density was very high. Our measurements, howevenf the PL and UPL are changed. If midgap states were the
have been performed at liquid He temperatures, which asntermediate states in the upconversion process, one would
sures efficient cooling of our samples. Since the PL and UPlexpect a relative increase of the UPL with respect to the
power laws have been measured on a seconds time scale, Weokes PL. One might consider that hydrogen is an important
did not detect any irreversible PL degradation phenomena awomponent of the photoluminescent emitter. However, the
even an order of magnitude higher excitation intensity withwell-pronounced momentum-conserving phonon replicas of
low-energy light. The linear dependence of the UPL intensitythe Stokes PL give evidence that the Si crystalline core is
suggests that there is an intermediate long-lieed pair  responsible for the light emission.
state in part of the process giving rise to the UPL. The long The role of charge separation can be also studied by using
decay time of these states allows them all to be occupied atanocrystals isolated by high potential barriers. Figure 4
very low excitation intensities. The UPL is due to the absorp-shows the resonant PL spectrum for a system of Si nanoc-
tion, now, of a second photon, which provides the excessystals surrounded by a thick Sj@hell which prevents any
energy. In order to explain the observed linear behavior, thearrier transfer between the crystallites. These nanocrystals
lifetime of the intermediate state has to be significantlyhave been produced by Si ion implantation in a Si&yer,
longer than the exciton lifetime in Si nanocrystéém the  which ensures the presence of such a shell. While the same
order of ms(Ref. 23]. combination of momentum-conserving phonon peaks is ob-
This long-lived intermediate state can only beeah pair ~ served as in Fig. 1, UPL is completely absent. This is true for
with a very small overlap integral between localized electrorall the excitation energies we used. This observation implies
and hole states. The overlap is small if one of the particles ishat carrier transfer between nanocrystals plays a crucial role
localized at the crystal surfad@ this case the first photon in the upconversion process. There should be no significant
excites band and midgap states if they are in two neigh- difference between an assembly of isolated nanocrystals and
boring crystallites(in this case the first photon creates thea nanocrystal network if the midgap states inside of a single
two band states in different crystalsTo clarify this point, nanocrystal were responsible for the UPL emission.
we have performed a set of independent experiments. The The polarization of the UPL in porous silicon can reveal
first indication that midgap states are not involved in theinformation about the excitation mechanisms of the UPL and
UPL excitation mechanism comes from similarities of life- Stokes PL. The polarization properties of porous Si PL are
times of the PL and UPL at low temperatures. If the secondletermined by the anisotropic shapes of randomly oriented
absorption event occurs through a midgap state, the findi crystals?® Linearly polarized light selectively excites
excited state giving rise to UPL has to be considered as havhose crystals whose largest dimension is parallel to the vec-
ing an unphysically long lifetime, in the millisecond range. A tor polarization of the exciting light. This is because inside
second indication comes from hydrogen effusion experithe nanocrystal the resultant depolarization decreases the
ments. As it was well documented in Ref. 27, removing thecomponent of the electric field along that axis less than it
passivating hydrogen from the surface of the crystallites credoes the other components. The light subsequently emitted
ates a large number of such midgap stdtingling bonds by these crystals is also predominantly polarized along the
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line) and the luminescence polarizatigsolid squares Note the
sharp decreases of the polarization above the energy of the exciting
light.
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same direction. This results in a strong polarization memory N
effect that is determined by the crystal shapes gahe can oo s
find a review of this effect in Ref. 29 Ns=WinNo— T_m_WNS+WN1’

Figure 5 shows both the PL spectrum from the naturally
oxidized sample excited by linearly polarized light, and its
polarization. The relative strength of the UPL was kept low
so as not to affect the degree of polarization of the Stokes
PL. The linear polarization memory effect is defined as the
ratiop=[(I}—1,)/(1}+1,)]x100%, wherd (I ,) is the in-
tensity of the PL polarized paralléperpendicular to the

. N,
N,=WN— —,

Ty

whereNg ;5 are, respectively, the concentration of neigh-
) o o boring crystals with zere-h pairs in both of the coupled
direction of the electric field of the exciting light. One can rystals, one-h pair in the larger crystalsmaller absorption

see that at energies below the excitation the PL is polarize dge, one electron and one hole occupying separate crystals
Furthermore, the polarization decreases towards lower dete¢-_ ="’ . '
. ; ) nd onee-h pair in the smaller crysta(lar ner

tion energies, in agreement with Ref. 30. This reflects th ind onee pa the smaller crystallarge energy gap

S . . o o +N;+Ng+N,= i i
polarization selective absorption-emission cycle occurring in_ ° N NS. Nu=N(w), N(w) is the concentration of
the same nanocryst&l° In contrast, the UPL is nearly un- coupled pairs of crystals, one of which has an energy gap

polarized with a very sharp transition at the excitation en_greater than the excitation energyy, and the other whose

o nergy gap is smaller thatiw, 7, is the intrinsic exciton
ergy. T_h(_a absence of po_larl_za'uon of the UPL suggests tha(r?adiative lifetime in a nanocrystak;, is the recombination
the emitting nanocrystal is different from the excited one 3Sine of a separatede-h pair Weol.Jfie and W.
would be expected from a model that assumes a spatial sepé— P paur, W= olex/ntw n

ration of the electron and hole in separate crystals. If a se-, Tinlex/frw, Whereo(w) and oin(w) are, respectively, the

quential two-photon absorption within a single crystallite arbs?rglatlonndcfrorss secttliorlll for therd|tre€ct:1t exicrltanr(])dnl ofithfhlarger
were responsible for the upconversion, the UPL would alsgTystal and for a spatially separateen pair, andley IS the

show the polarization memory effect. mtznsg[_g];t&e aexcnrl]r:g ll?f:];t all Auger processes are much
Taking all this into account suggests the model of UPL in quat ssumes Uger processes are mu

porous Si that is shown schematically in Fig. 6. Si nanocrys]caSter than typical radiative transition timés very good

tals in hydrogenated porous Si samples are not separated gzproxmaﬂon for Si nanocrystald). This means that the

the high potential barrier that exists in strongly oxidized C|tta_t|on of a isec&)n@-ht pz;'ur in a IC“,:St‘?rI] w_h|c_h atl_lreadfyth
samples. This allows direct excitation of coupled neighbor—Con ans a pair leads instantaneously 1o the ionization of the

ing crystals, with the excited carriers localized in differentcryStaLagdbto r? spaml:\)l/ Segar?“e‘f" Stite(th'ﬁ Process Is
crystals. These states have a very long decay time. The geﬂgscrl e .yt e ter ). Excitation o ane-h pair in an
eration of a second-h pair in the larger of the two crystals glready ionized crystql leads to the generathn oédnpawl
then results in the Auger ejection of the remaining carrier” the_ nanocrystals with a larger energy déis process IS
into the smaller neighbofwhich has a larger gapSubse- described by the terW N;). We also assume that the barrier

guent recombination of the-h pair in that crystal gives the hglght for one of the carriera hole in our schemss sig-
UPL. A system of rate equations describing the occupatior?'f'can“y larger than for the second one. As a result, a hole

of these coupled nanocrystals, from which we can obtain thgannot be ejected into the_smaller crystal qnless there Is "?‘"
UPL at excitation frequency ,can be written ready an electron there which decreases this effective barrier

height.
N N. N The steady-state solution of the kinetic state-filling equa-
NO: —WNy— W,,Ny+ sy - tions [Eq. (1)] gives the following intensity dependence of
Tr Tin  Tr the UPL:
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wherea=W,,/W andS;,= r,,W/(1+ 7;,W). The UPL inten-

sity is proportional tor,, and therefore the existence of the
long-lived intermediate state is essential. One can see that at
very low excitation intensity, below the saturation region of
the intermediate stateNr;,<1), the UPL is a superlinear
function of the excitation intensity. In the saturation region
of the intermediate stataN(r;,>1), it behaves linearly. De-
viation from the linear regime occurs again at the Auger
saturation condition for both the UPL and Stokes RA7(

>1, double occupation of nanocrystals by twenh pairs.

The calculated dependence is shown in Fig. 3. The result of
similar considerations for the intensity of the Stokes PL for
isolated crystals is also shown in Fig. 3. The following ex-
perimental values for porous Si were used in these calcula- . . ) ! .
tions: o=1.1x 1018 cn?® (derived from the PL Auger satu- 0 1 2 3 4 5
ration, see Ref. J1and the intrinsic exciton radiative Time (s)
recombination timer,=3 ms. The fitting parameters

=0.3 andT,=3 s give the best description of our data for —1.48 eV] and Stokes PI(b), squaresE,,— 1.57 eV]: the CW PL

Eeﬁl'ﬁsg’ ev. furth f del in th d level has been substracteli=4.2 K. The excitation intensities are
e find strong further support for our model in the stu Yindicated. Solid lines are solutions of the time-dependent rate equa-
of the temporal response of the UPL and the Stokes PL. OUfs in the text.

model predicts that, at a low enough excitation intensity,
?rz(:];'tehnet Egﬁ;‘r}g:gogz t?se bcev;lo:)epgciez(jufzggy c%r?g'?glrf]lc f The existence of long-lived spatially separated charges is

' Vi urs b ly-state. '.' rucial for our model of the UPL. To describe the observed
charge separation and indirect recombination is achieve JPL intensity dependence, one has to assume that the life-
The slow build up of space-separatedh pairs in neighbor- y

. tals leads t time-d dent th of th UPI_time of the intermediate state is on the order of seconds.
Ing crystals leads 1o a ime-tependent growth of the Experimental evidence for such states comes from the obser-
This is accompanied by an Auger suppression of the Stok

PL from the larger crystals of the neighbor pédue to their Vation of an extremely long-lived component of the fiee

bei h 4 This t ient 7 ted to be fast Fig. 8. This fluorescence was measuredTat 1.5 K after
€ing chargetl 1Nis transient process IS expected {0 e 1astef, i oy jllumination of the sampléimmersed in superfluid

at higher light intensities. Figure 7 shows the temporal "®He ambient to avoid heating during illuminatioby a high-

sponse of the spectrally integrated URd) and Stokes PL energy 2.54 eV Ar-ion beam laser for 5 min. The excitation

(b) for an abrup'F steplike onset of the exciting laser at t'meintensitylexz 10 W/en? was chosen to be many orders of
zero. The selection of the spectral range was done using lo

and hiah-nass optical filters in front of a photomulti ”ernl%agnitude less than that used for the two-photon excitation.
gn-p P P PUET rhis illumination creates spatially separatett pairs which

tube. The beam of a cw Ti-sapphire laser was opened WIthIrrWecombine slowly after switching off the excitation source.

20 microseconds at time zero by a mechanical shutter. T . .
kinetics of the Stokes PL have been measured at a somewh“glt[]e spectrally integrated FL response, integrated over a 10 s

higher excitation energy than that of the UPL to avoid spec-'me window, has been measured at 10 s intervals. The decay
tral overlap of two PL bands. At low excitation energy, the
excitation intensity is chosen higher in order to maintain a jm
reasonable signal-to-noise ratio. These experiments were
performed aff =4.2 K, after initial heating of the samples to
T=2300 K, to assure that any previously charged nanocrys-
tals are neutralized by thermally induced charged-carrier
transport. The UPL rises with time from zero to a steady-
state intensity. The rise time is excitation intensity dependent
and is shorter at higher intensity. In contrast, the Stokes PL
intensity decreases with time until it reaches a constant
value, which is about 90% of its initial strengtfor clarity
we have substracted the intensity of the Stokes PL observed
after the transient process under cw excitation condifions
The Stokes PL decay time and rise time for the UPL depend ™ — T y T
. . . 10 100 1000
the same way on the intensity. In Fig. 7 we show the tran- Time (s)
sient processes calculated using the time-dependent solution
of Eg. (1) with the same parameters used to describe the FIG. 8. The decay curve of the spectrally integrated long-lived
intensity dependence. fluorescence. Signal integration time is 10Tss 1.5 K.
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with acoustical phononsthe UPL intensity vanishes rapidly.

At 100 K the UPL band disappears completétiie weak
anti-Stokes tail seen is due to thermal smearing of the Stokes
PL).

In Fig. 1 we saw that the relative strength of Stokes and
T=4.2 K anti-Stokes PL also depends strongly on the position of the
excitation energy inside the nonresonantly excited lumines-
cence band. The UPL intensity grows relative to the intensity

------- of the Stokes PL with decreasing excitation energy, and be-

T=20K comes comparable to it at the red edge of the porous Si PL

\_ band. This implies two things. First, that the concentration of
""" coupled crystals excited at the red edge of the PL gy),

is greater than that of isolated crystals. This is consistent

PL Intensity (arb. units)

T=100K with the fact that, on the red edge, any crystallite has a higher
. . % probability of pairing with a smaller neighbda possible
1.3 14 L5 1.6 17 emitter for high-energy UPJ, and the largest crystallite is
Energy (eV) always surrounded by smaller ones.

It also implies that, for very low excitation energw,,

W, which can be directly seen from the comparable am-
plitudes of the PL and UPL bandshis also justifies the
value of «=0.3 for the calculated UPL power dependence

) ) ) ) This unexpected result may be connected with the suppres-
is strongly nonexponential and it varies over three decadesion of phonon-assisted direct excitation of the largest
from seconds to 10 min. However, the main contribution t05n0crystals where energy conservation allows only zero
the quantum yield of the FL comes from recombination life- ,hon0n optical absorptiofunder resonant excitatipnThe
times on the order of seconds. This is consistent with the,ohapility of direct zero phonon excitation of a single nano-
value we used for,, and with the cw PL and UPL transient crystal and of space-indirect excitation of coupled crystals
times shown in Fig. 7. The FL decay behavior, moreover, isan pe comparable, because, in both tunneling and confine-

strongly temperature-dependent. This shows that nonexp@nent, the barrier leads to breakdown of theonservation
nential decay of the FL may be connected with a distributionye necessary for indirect phononless transitions.

of barrier heights which the carrier must overcome before pegpite the simplicity of our model, it describes all our

recombination can occur. The higher the temperature, thgjp| experimental results very well. The crucial feature in
larger is the amplitude of the FL and the shorter the decayhe model is the existence of a long-lived spatially separated
time. Exact information on the time-integrated FL intensity o, pair state. The lifetime of this state, derived from the
is not experimentally available since the heating of theyp| power dependence, is of the order of seconds and is in
sample to elevated temperature takes place on a 10 sec scajgod agreement with both the specific transient behavior of
During the heating process the amplitude of the FL is rising¢he pL and UPL bands and the extremely long-lived fluores-
However, according to our measurements the FL intensityence whose characteristic transient times have a similar
(mtegrate(_:i over the .he.atmg to 20 K and with stabilized temy,5jue. The particular properties of porous Si allow us to
perature time domaifss of the same order as at low tem- jqentify the particular nature of this intermediate state and
perature (1.5 K). We believe that increased temperatureihe mechanism of the secondary excitation. This can be dif-
stimulates transport between the crystallites and thus accefiqyit in other inhomogeneous systems which exhibit UPL.
erates the recombination of the separaddpairs. Itis nec-  \ye pelieve, however, that, in a general sense, this model
essary to mention that, in fact, the valuegf=3 s should  shares the common feature of the luminescence upconver-
be considered as an average value for the spectrally int&jon phenomena in all these systems. That is the existence of
grated PL and UPL seen in Figs. 7 and 8. However, it giveg, |ong-lived spatially separated intermediat pair state,

a satisfactory fit for all experiments described above. which can accumulate carriers for either subsequent Auger or

As seen in Fig. 9, temperature-stimulated carrier transpoidiirect optical excitation into high-energy states which are
also results in a strong dependence of the UPL intensity Ofesponsible for the UPL.

the ambient temperature. While the integrated intensity of
the Stokes PL remains almost constant with rising tempera- This work was supported by the Office of Naval Re-
ture (the smearing of the exciton peaks is due to interactiorsearch.

FIG. 9. Resonant PL spectra from a hydrogen-passivated sample
at different temperatures.,=1 W/cn?. The excitation energy is
indicated by the arrow.
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