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Stretched-exponential decay of the luminescence in porous silicon
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An experimental study of the luminescence time decay in porous silicon as a function of temper-
ature, excitation, and observation energies is reported. The decay line shape is well described by
a stretched exponential for a variety of experimental conditions. A hierarchy of waiting times for
carrier hopping, of intersite distances, and of site energies result from the analysis of our data.

The fundamental issue of the physical mechanism re-
sponsible for the photoluminescence (PL) of porous sil-
icon (p-Si) is still unresolved.!™® Structural characteri-
zation as well as optical data suggest that a key role is
played by disorder in the form of (i) a wide distribution of
the size of the Si nanocrystals (whose diameter is of the
order of some nm) which form the p-Si skeleton (turned
by a random arrangement of pillars some 100 nm long),
(ii) a random spatial arrangement of the nanocrystals,
and (iii) the structure of the nanocrystal surfaces. All
the published recombination models make use of the no-
tation of disorder: the quantum-recombination model!:2
assumes that the luminescence is due to the recombina-
tion of localized excitons in undulating quantum wires
or dots; the surface-state emission model3 postulates the
formation of localized states due to the random termina-
tion of the Si nanocrystals, the luminescence is due to the
recombination of electrons or holes localized in these sur-
face states; the amorphous model? assumes the formation
of an amorphous Si layer on top of the Si nanocrystals
where the carriers recombine; in the chemical models,
where the luminescence is due to some chemical entity
[SiH, (Ref. 5) or polysilane chains or siloxene groups®],
their random distribution causes disorder. An experi-
mental confirmation of the role of the disorder lies on
the fact that different time-resolved studies reported a
nonexponential decay in the luminescence.®7 1% The de-
cay is formed by two components:® one fast, in the time
range of 10~ sec,'® and the other slow, in the time range
of 1078 — 1072 sec. The slow, nonexponential decay, is
adequately modeled by a stretched exponential:"®

I(t) = Io exp[—(t/7)"], (1)

where 7 is a lifetime and 3 a dispersion factor. This de-
cay law is often encountered in disordered systems and is
considered a consequence of the dispersive diffusion of the
photoexcited carriers.!* 13 Carrier diffusion among dif-
ferent spatial regions (sites) can be due to the excitation
of carriers from localized to extended states or to hopping
among localized states.!! In the first case, the localized
states act as traps and the disorder causes a distribution
of release rates and of trap energies; the diffusion arises
from a multiple trapping-detrapping (MTD) mechanism.
In the MTD scheme, a measure of the dispersion is given
by the 8 parameter in Eq. (1) that provides information
about the density of trap states and trap release rates. In
an alternative model of diffusion, based on the hopping
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(H) mechanism, the parameter 3 depends on the spatial
distribution of localized states.!3

In this paper we address the problem of the diffusion
mechanism which causes the stretched exponential be-
haviors in the p-Si slow luminescence decay, by present-
ing an evaluation of 7 and 8 [Eq. (1)] as a function of dif-
ferent parameters: the sample temperature (T'), the exci-
tation energy (Awexc), and the observation energy (fwr).

The p-Si samples were obtained from p-type silicon
wafers, with 3 Qcm resistivity. The anodization was
performed in an ethanoic HF solution (20% HF concen-
tration) and for various current densities and durations.
Mainly samples with a porosity of about 70% were inves-
tigated. Details regarding the electrochemical cell and
the anodization procedure were reported elsewhere.l* A
pulsed dye laser (20-nsec pulse width and 14-Hz repeti-
tion rate), pumped by an excimer laser, or a pulsed Ar
laser (variable pulse duration down to 0.5 msec) were
used as excitation source for the PL. This was analyzed
by a double monochromator and detected by a cooled
photomultiplier (rise time of 20 nsec) interfaced by stan-
dard photon counting techniques to a fast multichannel
analyzer. An external reference triggered the excimer
laser and the scans of the multichannel analyzer. Using
this system a time resolution of 0.4 usec was achievable.
The p-Si samples were placed in a He flux cryostat.

Figure 1 presents some typical PL decays at different
temperatures. The room-temperature steady-state lumi-
nescence spectrum of this sample is shown in the inset.
The full lines through the experimental data are least
square fits with stretched exponentials. This procedure
yields a good fitting of the data and reliable 7 and 3 pa-
rameters can be extracted in such a way. Errors of about
10% on 7 and of 0.05 on 3 can be estimated. In Fig. 2
the temperature dependence of 3 and 7 is reported. The
measured (3 vs T relations show a linear increase at low
T and a saturation at high T (see the linear fits reported
in Fig. 2 as continous lines or see Fig. 3). 7 increases
strongly as the T' decreases (see Figs. 1 and 2). In the in-
set of Fig. 2, 7 and 3 vs Awexc are reported. Within the
experimental errors, no dependence has been observed,
at least for the few points we have investigated.

In discussing these behaviors, our basic assumptions
are the following: (i) in p-Si, due to the different
nanocrystal sizes and surfaces, the quantum confined lev-
els associated with each nanocrystal are spread in energy
leading to the formation of a band of localized states;
and (ii) the slow luminescence decay is due to recombi-
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FIG. 1. Time decay of the luminescence for different tem-
peratures indicated on the plots. The experimental curves
(dotted lines) and the fitted stretched exponentials (full lines)
are reported. The excitation energy was 2.541 eV and the
observation energy 1.860 eV. Note the time scale change in
the upper panels. The inset shows the room-temperature
steady-state luminescence spectrum of this sample. The fea-
ture at about 2 eV is an experimental artifact.

nations of electron-hole pairs (or excitons) which come
from different spatial regions. The fast luminescence de-
cay is possibly due to recombinations of electron-hole
pairs generated within the same spatial region as sug-
gested in Ref. 10. The relaxation rate of the electrons
and holes photoexcited at an energy Aweyc is not a rel-
evant rate in the recombination process. 7 and 3 are
independent on Awcy. (see the inset of Fig. 2).# To re-
combine radiatively an electron and a hole need to be on
a same site. Hence the recombination dynamics is influ-
enced by the encounter probability, i.e., by the electron
and hole diffusion.” The on-site recombination yields a
radiative lifetime 7.,q which has to be compared to the
capture time (MTD mechanism) or the hopping time (H
mechanism) typical of the intersite diffusion. All these
times concur in determining 7 in Eq. (1). By the term
“hopping” time we mean the waiting time for hopping
in a random environment.!® Its value depends on both
the intersite distance and the site energy. The S expo-
nent in Eq. (1) is independent of the on-site recombina-
tion dynamics and is determined only by the dispersive
motion.'® Indeed, in absence of disorder, the electron dif-
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FIG. 2. Temperature dependence of the 7 (upper panel)
and B (lower panel) parameters obtained through a least
square fit of luminescence decay data. Two different observa-
tion energies are reported: squares, 1.612 eV; triangles, 1.860
eV. The lines through the 7 data are least square fits with
Eqg. (2), while the lines through the 8 data are linear fits.
The excitation energy was 2.541 eV. The inset shows the ex-
citation energy dependence of 7 (upper panel) and 3 (lower
panel). The temperature was 300 K. The observation energy
was 1.488 eV.

fusion will not modify the decay line shape, at most it
will change the decay constant 7. In the presence of
dispersive motion, e.g., MTD mechanism, the carriers
are temporarily frozen into the traps. The late arrival
of some electrons (holes) at the sites where holes (elec-
trons) are present provides the long-time recombinations
which modify the decay law yielding a stretched expo-
nential. In this scheme we are not able to assert whether
the diffusion is ambipolar or unipolar and whether the re-
combining pair has formed an exciton or not. However, it
has been recently reported by resonantly excited lumines-
cence that the recombination is excitonic in nature.!1%
Theory predicts for 3 a temperature independence for
the H mechanism and a linear increase with T' when the
MTD mechanism dominates.!?'13:1€ The slope of the 3 in-
crease is related to the width of the trap energy band.!!
The measured behavior (Figs. 2 and 3) is hardly ex-
plained by a single MTD or H mechanism. In particular,
if the saturation of 3 at high T is an indication of a very
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FIG. 3. Observation energy dependence of the 7 (upper
panel) and B (lower panel) parameters obtained through a
least square fit of luminescence decay data and for three tem-
peratures as indicated. The straight lines through the 7 data
are least square fits with an exponential, while the dotted
lines through the B values are only guides for the eyes. The
excitation energy was 4.026 eV. Note that the different values
for B with respect to those reported in Fig. 2 are due to the
use of a different sample.

efficient detrapping one would expect values of 8 very
near to one, i.e., a dynamics typical of extended states.
Indeed no simple exponential decay has been reported,
even for T > 300 K.2 In p-Si, there are both a dispersion
in site energies, which arises from the various nanocrystal
sizes, and a dispersion in the intersite distances which is
caused by the random arrangement of the nanocrystals
in space. In this case a so-called trap-controlled hopping
diffusion mechanism acts.'?'7 Let us consider two sets
of sites: one labeled h with a concentration N and the
other labeled » with a concentration N,. Different en-
ergy levels (higher energies for the h sites) are associated
with the two sets with a different energy spacing among
them, Aj for the h sites and A, for the r sites, where
Ap < A,. Diffusion through the h sites and from the h
to the r sites is possible by hopping, while the low density
of the r sites renders highly improbable direct tunneling
among them. The carriers “trapped” into these r sites
should reach the high-energy h sites to diffuse. The 7
sites behave similarly as temporary traps. Hence the fol-
lowing simplified scheme is possible, where two kinds of

RAPID COMMUNICATIONS

17 627

states are assumed: localized states (h sites) where car-
riers can move through hopping and, at lower energies,
trap states (r sites) where carriers are trapped. If the
concentration of traps is lower than that of hopping sites
and the mean release time from traps is longer than the
hopping time among sites, the trapping limits the carrier
diffusion. To diffuse one carrier needs to be released from
the traps and to reach the band of localized states from
which it can hop away. Instead, if the hopping time is
longer than the release time, the hopping limits the car-
rier diffusion. This model explains the trend observed in
B at low temperatures, where trapping dominates. The
slope of the 3 increase yields for A, a value of < 0.04 eV,
with smaller values for low Awj;,. These numbers are very
similar to those found for amorphous hydrogenated Si.'®
At higher temperatures, the release rate from the traps
becomes faster than the hopping rates among different
sites. In this temperature range the diffusion is limited
by hopping and 3 is independent of the temperature. In
this case [ is related to the geometrical structure of the
site network. Following the model of Refs. 18 and 13,
the room-temperature values of 8 shown in Fig. 3 would
suggest a fractal structure of p-Si with a spectral (frac-
ton) dimension d ~ 1.52. This aspect of the work should
deserve a more careful investigation in the future.

In our scheme, the electron-hole recombinations in
the localized states (h sites) give the p-Si visible emis-
sion band. It has been demonstrated that this emis-
sion displays features typical of localized exciton recom-
bination in an indirect gap semiconductor.! This has
been also confirmed in recent fluorescence line narrow-
ing experiments.®

The 7 parameter results from the interplay between
hopping, trapping processes, and the radiative recom-
binations. The hopping and trapping rates are almost
independent of T'. The radiative lifetime has a temper-
ature dependence given by the exchange splitting of the
exciton in singlet and triplet states:!

- 1+ 3 exp(—Aexc/kT) 2)
14377 /75 exp(— Aexe /ET)’

where Ay is the triplet-singlet energy splitting, 77 and
Ts the triplet and singlet lifetime, respectively, and kT
the thermal energy. For low temperatures, as shown in
Fig. 2, 7 has a strong temperature dependence which is
given essentially by Tyaq. In fact, the data of Fig. 2, for
4 < T < 100 K, are very well fitted by assuming 7 ~ T;aq
with singlet and triplet lifetimes in the range of usec and
msec, respectively, and A.xc =~ 10 meV depending on
hwp. These values are consistent with other published
data.l'? For higher temperatures, 7;oq becomes compara-
ble or even shorter than the hopping time. In this case 7
in the stretched exponential decay represents the hopping
time.

The proposed recombination scheme is also able to in-
terpret the 3 data of Fig. 3 where at low and high tem-
perature (3 is essentially independent of fwy, because of a
dominance of the MTD or H mechanisms, respectively.
At 100 K, an intermediate situation occurs. For low Awy,,
the release from the trap is so efficient that the carrier
diffusion is limited by hopping only, and the 3 value is

Trad =
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similar to the room-temperature value. At high Aw;, the
release rate is low and the carrier diffusion is limited by
the release from the trap states. Consequently the 3
value is lower than the room-temperature value. This
figure also explains the Awy dependence of A, discussed
above: for high Awy, one sees the large A,.

In Fig. 3, it an exponential dependence of 7 on Awy, is
observed: T = 7o exp(—vyhwy) with v ~ (1.1 £0.1) eV~!
(lines). 7 decreases weakly as T' decreases. A similar be-
havior has been observed for room temperature in Ref. 2
and explained as carrier tunneling out of the Si nanocrys-
tals. In our scheme, the Awy, dependence in T is due to the
energy dependence of T;aq, i.€., of Aexc,!'? and of the hop-
ping time. The energy distribution of the localized states
yields an observation energy dependence of the hopping
rate. A very similar modeling as that derived in Ref. 2
is suitable in this case. As a result, it is possible to show
that -y is related to the mean nanocrystal size. We found
v values slightly smaller than those reported in Ref. 2
which suggests a smaller mean size of the nanocrystals in
our samples.

In conclusion, we have presented an experimental
study and an interpretative scheme of the luminescence
decay in p-Si. The time constant characteristic of the
stretched exponential decay is due to the combined ef-
fect of the radiative lifetime (low temperature) and of
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the hopping rate (high temperature), while the dispersion
(B) results from the dispersive electron and hole motion
due to the disorder. The dispersive motion is strongly
influenced by the random distribution of the site ener-
gies and intersite spacing. From the experimental data
a scheme is inferred where both hopping and detrapping
processes are relevant. The relative importance of the
two processes is temperature and sample dependent. A
still open problem is the microscopic identification of the
localized states. It is tempting to identify the so-called
h states with disorder-induced localized states associated
with the low-dimensional quantum confined states in the
nanocrystals (dots or wires) of various sizes’? and the
“trap” r states to the unpassivated surface state on each
nanocrystal,® e.g., dangling bonds. However, this issue
is beyond the aim of this paper and will be addressed in
a forthcoming paper where more experimental data will
be also presented. We hope that this work will stimulate
a theoretical modeling of the luminescence decay.

We gratefully acknowledge fruitful discussions with
H. E. Roman and O. Bisi. The skillful help of F. Rossi
in taking the measurements is also appreciated. The fine
Si wafers have been provided by Dr. Rossetto, MEMC
(Italy).

'P. D. J. Calcott, K. J. Nash, L. T. Canham, M. J.
Kane, and D. Brumhead, J. Phys. Condens. Matter 5,
L91 (1993); in Microcrystalline Semiconductors— Materials
Science and Devices, edited by Y. Aoyagi, L. T. Canham,
P. M. Fauchet, I. Shimizu, and C. C. Tsai, MRS Symposia
Proceedings No. 283 (Materials Research Society, Pitts-
burgh, 1993), p. 143.

2J. C. Vial, A. Bsiesy, F. Gaspard, R. Herino, M. Ligeon, F.
Muller, R. Romestain and R. M. Macfarlane, Phys. Rev. B
45, 14171 (1992).

*F. Koch, V. Petrova-Koch, T. Muschik, A. Nikolov,
and V. Gavrilenko, in Microcrystalline Semiconductors—
Materials Science and Devices (Ref. 1), p. 197.

4 L. R. Tessler, F. Alvarez, and O. Teschke, Appl. Phys. Lett.
62, 2381 (1993).

®S. M. Prokes, O. J. Glembocki, V. M. Bermudez, and R.
Kaplan, Phys. Rev. B 45, 13788 (1992).

8 M. S. Brandt, H. D. Fuchs, M. Stutzmann, J. Weber, and
M. Cardona, Solid State Commun. 81, 307 (1992).

" X. Chen, B. Henderson, and K. P. O’Donnel, Appl. Phys.
Lett. 60, 2672 (1992).

8 L. Pavesi, M. Ceschini, and F. Rossi, in Light Emission

from Silicon, edited by L. T. Canham, W. Lang and J. C.
Vial [J. Lumin. (to be published)).

° E. Bustarret, I. Mihalcescu, M. Lingeon, R. Romestain and
J. C. Vial, in Light Emission from Silicon (Ref. 8).

10T, Matsumoto, T. Futagi, H. Mimura, and Y. Kanemitsu,
Phys. Rev. B 47, 13876 (1993).

' H. Scher, M. F. Shlesinger, and J. T. Bendler, Phys. Today
44 (1), 26 (1991).

12 G. Pfister and H. Scher, Adv. Phys. 27, 747 (1978).

13 J. Klafter and M. F. Shlesinger, Proc. Natl. Acad. Sci.
U.S.A. 83, 848 (1986).

% L. Pavesi, M. Ceschini, G. Mariotto, E. Zanghellini, O.
Bisi, M. Anderle, L. Calliari, M. Fedrizzi, and L. Fedrizzi,
J. Appl. Phys. (to be published).

5T, Suemoto, K. Tanaka, A. Nakajima, and T. Itakura,
Phys. Rev. Lett. 70, 3659 (1993).

6 J. Kakalios, R. A. Street, and W. B. Jackson, Phys. Rev.
Lett. 59, 1037 (1987).

17 M. Silver, G. Schoenherr, and H. Baessler, Phys. Rev. Lett.
48, 352 (1982).

'# J. Klafter and A. Blumen, J. Chem. Phys. 80, 875 (1984).



