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Photoluminescence (PL) of porous silicon in the redband is studied at temperatures from 15 to 293 K.
With increasing temperature, the PL spectrum peak redshifts and the width narrows, while the PL inten-
sity increases until ~70 K and then decreases slightly. At 293 K, the PL at higher emission energy de-
cays faster with a broader rate distribution. The PL decay gets slower upon cooling, and becomes in-
dependent of emission energy below ~70 K. These results are qualitatively interpreted using a porous-
cluster model that assumes random vacancy sites in a Si lattice. The low-temperature PL can be ex-
plained by carrier recombination through localized states which are distributed in energy, and dimen-
sionally disordered. The changes in the PL with temperature, on the other hand, are understood by
thermal activation of recombination processes, including hopping of carriers among distributed localized

states.

I. INTRODUCTION

As possible mechanisms of redband photoluminescence
(PL) from porous silicon, structural and optical studies
have suggested excitonic recombination processes in
nanometer-size  crystals'™7 and/or recombination
through localized states on the surfaces of silicon nano-
crystallites.®”!! For example, a statement in favor of
nanocrystallites has been put forward based on x-ray ab-
sorption data,’” while surface properties rather than bulk
ones have been insisted upon according to the fact that
the PL persists even at high pressure where silicon crystal
transforms to B-tin metallic phase.!! Electron microsco-
py data have demonstrated on the one hand, the existence
of silicon nanocrystallites! ™3 embedded in amorphous
material, and, on the other, a microporous layer!? with
nanometer-size pores. Meanwhile, visible luminescence
has been attributed to an effect of amorphous materials
alone,’>~ 15 such as ¢-Si:H. Chemical substances such as
SiH, (Ref. 16) are less plausible since the samples almost
passivated with oxygen show similar PL properties to
those passivated with hydrogen.!” Siloxene!®!® has also
been proposed, but an absence of the first neighbor Si-O
bonzc(i)s in x-ray absorption casts doubt on such a propo-
sal. )

Changes in the PL emission band, i.e., green to red,
and in the PL spectrum width have been reported for
various samples, suggesting the light-emitting objects are
distributed differently in different samples. This implies
that the PL spectrum is inhomogeneously broadened, in
accordance with the observation that the spectrum width
is weakly dependent on temperature.*?! Upon cooling
down from room temperature, the PL intensity is known
to increase,?”2° while the changes in the spectrum peak
and width with temperature have been reported to be
sample dependent.?>?3 Under resonant excitation at low
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temperature,*”® the PL spectrum is reported to have no
resonant component but a structure presumably due to
phonon satellites.

The PL decay has been observed at different time
scales, e.g., picosecond to nanosecond?® and submi-
crosecond to 10-millisecond>!%27732 regimes. The fast
decay becomes sizable only when an intense excitation is

used.?® The slow part shows nonexponential PL de-
cay,>'%2"732 which has been well described by a
stretched exponential,!%30732

I=Igexp[—(¢/7)], (1)

where 7 is a PL lifetime and B is an exponent describing
the distribution of PL decay rates. The nonexponential
profile has been observed to be persistent even for the
narrow detection bandwidth, implying a distribution in
recombination rates for the same emission energy. Equa-
tion (1), on the other hand, is the function often met in
dispersive transport processes in disordered materials.?3
Such processes of photogenerated carriers are plausible in
porous silicon due to random structures produced by dis-
tributions in size and spatial distance of nanocrystallites,
and/or random terminations of surface Si atoms on nano-
crystallites. Recently, the porous-cluster model, which
assumes a network of silicon clusters rather than isolated
nanocrystallites, has succeeded in yielding the stretched-
exponential PL decay.3* It is modeled on the micro-
porous layer!? with nanometer-size vacancies in porous
silicon, and the PL decay is deduced by an analysis of the
carrier dynamics on inhomogeneously distributed local-
ized states which are produced by an irregular distribu-
tion of atoms in a two-dimensional Si lattice.

The PL lifetime at room temperature has been known
to decrease exponentially with emission energy.?>?’~3?
This behavior has been ascribed to carrier tunneling
through a surface SiO, layer to nonradiative paths, with
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the rate increasing with confinement (or emission) ener-
gy.? Also known is that the PL lifetime decreases as the
number of electron-spin resonance (ESR) centers in-
creases by thermal annealing.?®3° Because of the close
similarity to the Pb center,’>36 the ESR centers have
been conceived to be Si dangling bonds, which serve as
the nonradiative paths. The increase in the PL lifetime
by cooling the sample has thus been ascribed to the
suppression of carrier transitions to nonradiative
paths.?*?> The PL lifetime dependence on temperature
over a wide range, 7 to ~300 K, has otherwise been ex-
plained by variable range hopping of carriers!®*’ at the
crystallite-SiO, interface,!® although no explanation is
given for the change in the PL lifetime with emission en-
ergy. Alternatively, the variation in the PL lifetime with
temperature has been explained by the change in the rela-
tive population of carriers in triplet and singlet states, but
without assuming nonradiative processes.>® The reason
for the distribution of the PL decay rates in these models,
however, has not yet been sufficiently described.

In this paper, we present in Sec. III the results on PL
spectra and decays of porous silicon at temperatures from
15 to 293 K, after Sec. II for experimental procedures.
Then, a qualitative but unified understanding based on
the porous-cluster model is given in Sec. IV, with a brief
introduction to the model and carrier kinetics (Sec.
IV A). The calculation is extended to the PL spectra and
the PL decays under various conditions, including domi-
nance of radiative processes (Secs. IVB and IVC). In
Sec. IVD, we discuss dimensional disorder in the elec-
tronic structure of the model to explain the statistical
effects, i.e., the PL lifetime and the rate distribution in-
dependence from emission energy.

II. EXPERIMENT

Porous silicon was prepared by anodizing a silicon sub-
strate (B doped, ~10 Qcm) in a HF solution
(HF:H,0:C,H;OH=1:2:1) with a current density of 13
mA/cm? for 0.4 h. The sample was rinsed in deionized
water, dried under an N, gas flow, and stocked for one
month in ambient conditions after thermal annealing at
about 300°C for 5 min under an N, gas flow. The last
process yielded an oxidized porous silicon with an ir ab-
sorption band at 1100 cm ™! due to Si-O-Si vibration. As
compared to the unannealed sample, the sample thus ob-
tained showed excellent stabilities to laser illumination
and to environments. Further, it exhibited the faster PL
decay with a wider distribution of decay rates, similar to
a previous report.3® The thickness of the porous layer
was about 8 um and the porosity estimated by weight was
about 65%.

The PL was excited by pulsed light from an N, gas
laser. Its wavelength is 337 nm; a pulse frequency is 1 ~4
Hz; a pulse width is 30 ns; and a pulse energy is about 20
wJ. Tts intensity is low enough ( <10 mW/cm?) to give
the slow PL process alone.? The sample was set in a
holder cooled by a cryopump system. The PL decay was
detected after passing the PL through a monochrometer
(HR 320, Jobin-Ybon). The photocurrent signal from a
photomultiplier (H957, Hamamatsu Photonics) was re-
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trieved by accumulating digitized decay signals in a digi-
tizer (PM 3320, Philips). The PL spectrum was measured
under an excitation by a monochromatic light, and cali-
brated for dispersion efficiency of the monochrometer
and cathode efficiency of the photomultiplier.

III. RESULTS

A. Luminescence spectrum

Figure 1 (bottom) shows the PL spectra under excita-
tion at 3.873 eV for different temperatures. Dots
represent experimental results and solid curves are calcu-
lated according to a Gaussian function,

I1=(Q/V2n0)exp| —(E —E,)*/20?] , )

where I is the emission intensity at energy E, Q is the
emission intensity integrated over E, o is the spectrum
width, and E, is the energy of the spectrum peak. Simi-
lar to a previous study,’! the Gaussian function well de-
scribes the spectrum profile. With decreasing tempera-
ture, E, shifts to the high-energy side (blueshift), o
broadens, and Q increases until about 70 K and then

slightly decreases as shown in Fig. 1 (top).

B. Luminescence decay

The PL decays and fits to a stretched exponential [Eq.
(1)] are shown in Figs. 2 and 3. At 293 K, the PL decay
changes with emission energy Ep;. It is faster and more
dispersive for larger Epp (top of Fig. 2). The fits are satis-
factory. The PL decays at a constant Epy for different
temperatures (bottom of Fig. 2) show that the decay gets
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FIG. 1. Photoluminescence spectra taken at different temper-
atures (bottom). Dots represent experimental data and solid
curves are fits to a Gaussian function [Eq. (2)]. Plots of fit pa-
rameters (top), Q (integrated PL intensity), E, (spectrum peak),
and o (spectrum width) vs temperature.
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FIG. 2. Photoluminescence decay at representative emission
energies at 293 K (top), and at 1.97 eV for different tempera-
tures (bottom). Dots are experimental results and solid curves
are fits to a stretched-exponential function [Eq. (1)]. The ordi-
nate scale has an arbitrary origin for each curve.
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FIG. 3. Photoluminescence decay at low temperatures. Dots
and solid curves have the same meaning as in Fig. 2. Note top
and bottom figures have different time scales and in the bottom
the fits are unsatisfactory for ¢ * 4 msec.
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remarkably slower with decreasing temperature. Below
~70 K, the PL decay becomes independent of Ep; (see
top of Fig. 3). Moreover, the fit becomes unsatisfactory.
At 20 K, the fits obtained by weighting the initial PL de-
cay data (bottom of Fig. 3) show that the stretched-
exponential curve is below the experimental decay data at
large ¢.

The values of the PL lifetime 7 obtained by the
stretched-exponential fits are shown in Fig. 4. At 293 K,
7 has a value in the range 10~ 7-10"> sec and shows a
steep exponential decrease with Ep; . Upon cooling, this
decrease becomes gradual and mostly disappears below
~70 K. At 20 K, 7 has a very large value (~2 msec).
Note the continuous increase in 7 by cooling while the in-
tegrated PL intensity Q increases until ~70 K and then
slightly decreases (Fig. 1). The dashed lines on the plots
of 7 versus Epp in Fig. 4 are the least-square fits to a
function In 7~ —Ep; /E . It appears that E is a linear-
ly decreasing function of temperature (inset to Fig. 4).
To show how 7 at different Ep; changes with tempera-
ture T, 1/7 is plotted against T ! (lower left of Fig. 5) or
T~/ (upper right of Fig. 5) for representative values of
Ep. Apparently, 1/7 is linear for Epp =1.65 eV in the
former plot and for 1.97 eV in the latter. The plot of 1/7
versus T ¢ at different Ep; thus appears to be linear for
different value of &.

On the other hand, the distribution parameter 8 for
various PL decays is shown in Fig. 6. Here, a smaller 8
means apparently a broader distribution of decay rates.
In the top of Fig. 6, B at 20 K is small and almost un-
changed with Ep;. With increasing temperature, 8 be-
comes a slightly decreasing function of Ep; and, at 293
K, its change with Ep; is steep. As temperature changes
(bottom of Fig. 6), B appears as an increasing function of
temperature for small values of Ep; , e.g., 1.65 eV, while
B for large values of Epp, e.g., 2.29 eV, increases with
temperature until ~70 K and then decreases.

The above results are summarized briefly: Upon tem-
perature decrease, the PL spectrum peak blueshifts and
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FIG. 4. Photoluminescence lifetime 7 for the decay at vari-
ous emission energies at temperatures from 20 to 293 K.
Dashed lines are least-square fits wusing a function
InT~ —Epy /E where Er is plotted in the inset.
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FIG. 5. Plots of 7~ ! vs T™! for different emission energies:
2.29 eV (0), 1.97 eV (), and 1.65 eV (A). The dashed line is
drawn using a value of 9 meV for the activation energy W' (see
Sec. IV B). In the inset the same data are plotted vs T~ !/* and
the dashed-dot line is a fit to the data of 1.97 eV.

its width broadens. While the integrated PL intensity in-
creases and shows a slight decrease below about 70 K, the
PL lifetime increases throughout the temperature range
examined. At 20 K, both the long PL lifetime and the
broad distribution in the decay rates are almost un-
changed with Ep;. Above ~70 K, the PL lifetime is an
exponentially decreasing function of Ep;, which is
steeper at higher temperature, and the distribution in the
decay rates is broader for larger Epp .

IV. DISCUSSION

Radiatively recombining electron-hole pairs in porous
silicon have been assumed to be spatially separated®>* or
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FIG. 6. Distribution parameter 8 for various photolumines-
cence decays plotted vs emission energy (top) and temperature
(bottom), respectively.
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spatially confined.! ¢ In the former, carriers (electrons
and/or holes) are trapped in localized states, move by
hopping, and/or recombine through tunneling. Carriers
are often assumed to reside in localized states at the
crystallite-SiO, interface® ~1° because ESR centers, which
critically affect the PL,?%3 are conceived to be Pb centers
at the crystallite-SiO, interface.>>3¢ Further, the PL
spectrum has been observed to be insensitive to the aver-
age size of the silicon nanocrystallites covered by a SiO,
layer,' suggesting surface-localized rather than confined
states are plausible. The change of the PL lifetime with
temperature has thus been ascribed to two-dimensional
variable range hopping,'® which predicts 1/7 proportion-
al to T !/3, This description, however, is insufficient
since 1/7 for different Ep; appears to be proportional to
T ¢ for different ¢ (Fig. 5). The linearity for & =1 may
give an occasional possibility of variable range hopping in
three dimensions.’’

Meanwhile, the concept of spatially separated
electron-hole pairs has often been applied to a variety of
PL characteristics observed in amorphous semiconduc-
tors.>® Carriers separated by R assume a recombination
rate proportional to exp(—2R /Ry) for R >>Rjy. Here,
Ry is the size of the wave function, assumed to fall off
isotropically as exp(—R /Rp). In the simplest case, Ry
is the size of the larger of the two (electron and hole)
wave functions. Since Ry is smaller for deeper tail states
which yield lower emission energies,*® ~*° this expression
of the rate implies for randomly distributed R that the
PL lifetime decreases as the emission energy increases, as
actually observed in a-Si:H at low temperature.®® Porous
silicon, however, behaves so only at temperature above
~70 K and the behavior is more pronounced at higher
temperature (see Fig. 4). As another example, a-Si:O:H
alloy has been known to show an intense visible PL even
at room temperature,*' similar to porous silicon. Its PL
lifetime is mostly independent of emission energy, which
is understood in the way that the emission energy is
decoupled from R by the Coulomb interaction between
recombining electron-hole pairs.*! This dependence in
a-Si:0:H, however, appears at room temperature, while
porous silicon exhibits such dependence only at low tem-
perature. The PL mechanism of these amorphous ma-
terials is thus insufficient to model directly the PL in
porous silicon.

When the electron-hole pairs are assumed to be
confined in nanocrystallites,! ~7 various sizes of nanocrys-
tallites will produce different confinement energies and
thus yield a broad PL band. If the confined state is fur-
ther assumed to split into singlet and triplet states>® with
an exchange energy enhanced by confinement,*? carriers
will tend upon a temperature decrease to populate triplet
states with longer recombination times, thus resulting in
the PL-lifetime increase. This model may be plausible if
an additional assumption is acceptable, namely, that
nanocrystallites having the same size but a distribution in
shapes>%?* will yield nonexponential PL decay at a single
emission energy. However, surface properties rather
than bulk ones have been put forward as the origin of the
PL since porous-silicon PL survives even under high pres-
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sure!! ( >>13 GPa) when silicon crystal is in the B-tin me-
tallic phase which has no band gap. In addition, the neg-
ative pressure coefficient for the PL spectrum shift also
makes it difficult to attribute the origin of the PL
straightforwardly to simple quantum confinement
effects. L4

A. Porous cluster model and luminescence kinetics

To explain the observed results, we apply the porous-
cluster model which is known to yield PL decays describ-
able by a stretched exponential.>* Recall that the irregu-
lar structures in porous silicon!>3** contain many voids
which are distributed mostly in two pore sizes; macro-
pores larger than ~50 nm wide covered with a micro-
porous layer having pores smaller than 2 nm wide."?
While macropores mainly contribute to the porosity, the
microporous layer represents a network of atomic clus-
ters rather than an ensemble of isolated nanocrystallies.
Electronic levels in this layer may be localized, spread in
energy, and form bands of localized states, thus produc-
ing luminescence due to spatially separated carriers. The
porous-cluster model represents these features by assum-
ing random vacancies of site atoms in a two-dimensional
Si lattice.>* By using a tight-binding-model calculation,*’
it is not necessary to assume carriers to be distant and
wave functions to be isotropic, though it is required in
the PL model**#! for amorphous semiconductors. We
employ the same porous-cluster model as the previous
one,>* which has 151 Si atoms distributed on a lattice of
200 sites (see Fig. 8 in Ref. 34), because several porous
clusters with different occupations (from 267 to 350 Si
atoms on 450 sites) have shown similar statistical effects,

e., the PL lifetime and the rate distribution in the ab-
sence of hopping are independent from emission energy.*®
These effects are further related to dimensional disorder
of the localized wave functions as discussed in Sec. IV D.

We briefly introduce carrier kinetics for later conveni-
ence. The rate equations for the occupation numbers of

radiative states n® for electrons in upper levels are given
253447,48

(e)/dt"zk‘ (e) EK (l—n e))n
+ Sk (1=nf® —>K(1—=n{)nf®
j j
—Eaijni(e)n;h)-—i-.]im (3)
j
where n/? is the occupation number for holes in lower

levels and n/? for electrons in midgap levels (nonradia-
tive centers). On the right-hand side of Eq. (3), the first
line is the flow due to hopping with the rate «;;, the
second line is that due to capture by the nonradiative
center with the rate x; j» and the last line is that due to ra-
diative recombination with the rate ;. The last term is
the electron flow J/° when an optlcal excnatxon is time
mdependent It is easy to obtain the rate equations for
( ) and n; ‘@) The transition rates are given by
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i =aS, k;=kK'Sy, K;=kS

ijs ij ij »

4)

where S;; is the mutual overlap between wave functions
of eigenstates; « is the electron-photon coupling; k' and k
are electron-phonon couplings.*’ We write S;; as

S; =3P P, (5)
k

where P{™ represents the amplitude of nth eigenstate on
the kth Si atom, i.e.,

Pr= 3 [N+ 3 el (©6)
A=s,x,p,z meEk
In Eq. (6), Ck is the component of the A-type orbital of

the nth eigenstates on the kth Si atom and CH,,, is that
on the mth hydrogen atomic orbital. The second term on
the right-hand side of Eq. (6) is the sum of the amplitudes
of the wave functions over H atoms bonded to the kth Si
atom, i.e., the amplitude on H atoms is assigned to a Si
atom bonded to it.

The radiation intensity at an emission energy E is given
by

I(E,)=73 Sa;n"n"8(E —(E,—E,)) , @)

i
where E; is the energy of the ith eigenstate. After
evaluatmg S;; by a tight-binding-model calculation, the
rate equatxons for n®, n{", and n{? are solved for a
given parameter ¥ (=«/k’'), under the condition of
dn® /dt =0 and J/®'#0 in the time-independent case, or
under J,-‘e)=0 in the time-dependent case. Then, the PL
spectrum I (E) or the decay I(E,t) are calculated using
Eq. (7).

B. PL properties under dominant
nonradiative processes

In the case that nonradiative processes dominate
(k' > a), the spectrum I (E) is calculated as shown in Fig.
7. For ¥ <1072 we see no appreciable change compared
to that in the absence of hopping ¥ =0. For y >1072,
the spectrum peak shifts with y to the low-energy side
and the spectrum width narrows (see inset to Fig. 7).

I(E) (arb. units)

3
PHOTON ENERGY (eV)

FIG. 7. Emission spectra [I(E) vs E] obtained for different
values of ¥ (=k/k') in the porous-cluster model. The inset
shows the peak (@) and full width at half maximum (FWHM)
(0) of the spectra plotted vs y.
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This can be understood by the flow of electrons (holes)
through hopping mainly to lower (higher) energy levels
when ¥ > 1072, which reduces the emission energies and
therefore induces the spectrum redshift. Furthermore,
the spectrum redshift narrows the spectrum width since
the lower bound of the emission energy is limited by the
energy gap of the porous cluster. When the transitions
through hopping within the band are thermally activated
more easily than those to nonradiative paths, i.e., for y
increasing with temperature, these spectrum redshift and
narrowing agree qualitatively with experiment (Fig. 1).
The decay I(E,t) at several values of E for ¥y =0.001,
0.01, and 0.1 has been calculated and is fitted with a
stretched exponential similar to a previous study.>* The
resulting fit parameters «’'7 and 8 are shown in Fig. 8 to-
gether with ones already obtained for ¥ =0, 0.5 and 1.3*
For y < 1072, k'7 is mostly unchanged with E because the
distribution of the nonradiative rates «;j; is almost in-
dependent of E (this is a statistical effect). Furthermore,
since a is negligible, the bimolecular terms in Eq. (3),
3 jaijn,-(e)n }h), can be omitted as second-order ones, mak-
ing Eq. (3) linear. As seen later in Sec. IV C, these terms
lead the decay profile to be different from a stretched ex-
ponential if radiative processes dominate. When the hop-
ping is sizable (y >1072%), k'7 decreases exponentially
with E and the decrease is steeper for larger y as in Fig.
8(a). This is because the flow of electrons (holes) to lower
(higher) levels by hopping rapidly reduces the population
of electron-hole pairs which emit at higher energy, while
sustaining the population of those which emit at lower
energy (this is a dynamical effect). Eventually, «'t is
smaller for larger E and, at large E, it is smaller for larger
v. Since k' increases with increasing temperature, 7 is
smaller for higher temperature, i.e., for larger . Then,
the results in Fig. 8 mean the plot of 7 against E for
larger y (higher temperature) should be below that for

(a)
s g g ]
N ¢
v g o
10"F °
1+ o (b) 4
m| 8
<08 o © g8 O
06 ® ° . ° ]
0.4—3 5 4 45

3.
PHOTON ENERGY (eV)

FIG. 8. Stretched-exponential parameters (a) «'7 and (b) B8
plotted against emission energy for the decay I(E,t) calculated
for various y using the porous-cluster model: ¥ <1072 (@), and
¥=0.1(<), 0.5 (0), and 1.0 (O).
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smaller y (lower temperature) similar to the observed re-
sults (Fig. 4). Meanwhile, according to Fig. 8(b), the dis-
tribution parameter 8 for ¥ <1072 is small and almost in-
dependent of E. An increase in ¥ makes S larger for
smaller E; thus 8 becomes a decreasing function of E,
changing more steeply for larger ¥. A large B8 at small E
means that carrier hopping reduces more efficiently the
variety of the decay rates contributing to PL at small E.
As y increases with temperature, these results for 3 are
analogous to experiment (Fig. 6).

Let us assume the couplings « and «’ are given by
k=koexp(— W /kT) and «'=«pexp(— W'/kT), respec-
tively.*”*® Here kT is thermal energy, ko and «{ are con-
stants independent of temperature T, and W and W' are
activation energies. Then Int is proportional to —Ink’
and hence to W'/T at sufficiently low temperatures,
where ¥ << 1072, If this relation is applied to T <50 K,
the observed values of 7 at 20 and 50 K, i.e., about 2 and
0.1 msec, respectively, give an estimate of W’ to be about
10 meV; this yields the slope of the dashed line in Fig. 5.
Since y is proportional to exp{—(W —W')/kT}, this
value of W' gives a rough estimate of W to be ~20 meV,
if ¥ changes by a factor 10? for a change in T from 20 to
293 K.

C. PL decay under dominant radiative processes

For the electron-hole pair decaying unimolecularly, the
PL intensity increases in parallel with the PL lifetime as
nonradiative processes are suppressed, provided that ra-
diative processes are negligible.?#?* However, for tem-
perature decrease below ~70 K, the PL intensity Q
slightly decreases (Fig. 1) while the PL lifetime continu-
ously increases (Fig. 4). This observation has been as-
cribed to the onset of Auger effects?? or to the dominance
of radiative recombination.>%2* The latter case in the
present model is examined by assuming x=«'=0 and
a7#0. The decay I(E,t) and curves fit to a stretched ex-
ponential by heavily weighting the initial decay data are
given in Fig. 9 for different values of E. We see that

In[I(E,t) (arb. units)]

FIG. 9. The decay I(E,t) (solid curve) calculated using the
porous-cluster model, and the stretched-exponential fit (dashed
curve) obtained under 070, k=k'=0; i.e., under the dominance
of radiative processes. Note I(E,¢) is indepenent of E (its value
is noted on each curve) and deviates from the fit in the long time
regime.
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I(E,t) at large t increasingly deviates from the fit, be-
cause nonlinear terms ja,-jn,-“’)n }h) in Eq. (3) now dom-
inate. These terms thus give a possible reason for the ob-
served PL decay located above the fit at large ¢ at 20 K
(bottom of Fig. 3). Also of importance is that I (E,t) is
almost independent of E, suggesting the distribution of
a;; is independent of E; this is another statistical effect.

To explain the variation of 7 with temperature,
a;; is presumed to be temperature dependent by in-
cluding a thermal-activation factor to «, i.e.,
a=agexp[— W™ /kT], where a, is a constant and W is
an activation energy. It is clear that this equation ex-
plains the abserved dependence of 7 on T at low tempera-
ture as the equation k'=xgexp(— W’'/kT) does in the
case of dominant «’. On the aother hand, the recombina-
tion rate a* for confined excitons distributed in singlet
and triplet states>® is written as>%>!

__artgagexp[ —A/kT]
"~ l+gexp[—A/kT]

where ar and ag are the recombination rates via triplet
and singlet states, respectively. Here, g is a factor due to
degeneracy and A is the splitting energy between singlet
and triplet states. Although Eq. (8) represents quite
different issues, it yields for small T the dependence of =
on T similar to that for «a, k, or ¥’ because the denomina-
tor in Eq. (8) is approximately unity for small T and
g '=3. The observed dependence of 7 on T thus merely
gives an estimate of about 10 meV (compare with dashed
line in Fig. 5) for the value of either W', W™, or A, mak-
ing it difficult to determine recombination mechanisms at
low temperature.

*

(®)

D. Low-dimensionality in the porous-cluster
model

We discuss the low-dimensional electronic wave func-
tions for the porous-cluster model and propose their irre-
gularity as the origin of the statistical effects. As known
in percolation problems,’? the porous cluster has the Eu-
clidean dimensions of a perfect lattice if its concentration
p is higher than a critical value, i.e., the percolation
threshold p.. Here, p denotes the number of Si-occupied
sites divided by the total number of sites. The dimen-
sions of the present porous cluster are thus 2, since
p =0.75 while p,=0.7. Wave functions in the present
porous cluster, however, have fractal dimensions lower
than 2 as shown below. This situation is quite analogous
to that for wave functions in the Anderson localization
problem.’*%* In this sense, the porous cluster provides a
low-dimensional electronic structure different from that
in pillar or ball-like nanocrystals'~’ in which regular
crystalline structures are assumed. Meanwhile, accord-
ing to the observation of twa distinct pore sizes,'? the
physical porous silicon structure is not likely to be a frac-
tal one which would show a broad distribution in pore
sizes.’>%® As shown below, electronic structures having
fractal nature appropriately describe the PL characteris-
tics of porous silicon at low temperature.

We impose the cyclic boundary conditions on the
present porous cluster to yield an extended porous cluster
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which enables the density correlation analysis given
below. Note that the extended porous cluster never
yields qualitatively different characteristics from. those
discussed above; e.g., the PL decay for the extended
porous cluster evaluated from «’ > a is well described by
a stretched exponential and little affected by E
(=E;—E;) if hopping is neglected. For the porous clus-
ter embedded in the Euclidean dimension d, we can
define a fractal dimension D using the density correlation
A (L) given by>’

4 (L)=fo""(dro)dp(ro>fOL(dr)dp(r0+r)=cLD : ©)

where 7, is a reference position, p(r) is the density at a
position 7, and c is a constant of a length scale L. By
plotting InA4 (L) against In(2L +1), we can examine
whether or not Eq. (9) holds, and if it holds we can deter-
mine D. Here, (2L + 1) is the volume for the portion of
the extended poraus cluster, i.e., the number of unit cells
in it. (The present unit cell is that of a honeycomb lattice
and contains two sites.) It is revealed that D is equal to 2
if the atomic density is taken for p(r), while if p(r) is re-
placed by the electron (hole) density defined by P{" in
Eq. (6), D is less than 2, implying the eigenfunction of the
electron (hole) to be fractal. The examples of such plots
for electron density are shown in Fig. 10 where InA4 (L)
shows a linear dependence on In(2L + 1) with a slope less
than 2. The values of D for various eigenenergies E; are
shown in Fig. 11. It can be seen that D is uncorrelated to
E;, and therefore, to emission energy E. Even for an
emission at a single E, a variety of wave functions having
different D clearly contributes, implying dimensional dis-
order, yielding a broad distribution of decay rates or a
stretched-exponential PL decay. The independence of D
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FIG. 10. The electron-density correlation InA (L) vs
In(2L +1): the linear slope of this plot determines the fractal
dimension D of the wave function with eigenenrgy E,.
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FRACTAL DIMENSION

ENERGY E; (eV)

FIG. 11. Fractal dimension D of the wave function in the
porous-cluster model plotted against its eigenenergy E;.

from E is a statistical effect of the model.

Insofar as surface-related processes dominate,? 10 the
two-dimensional porous cluster is not unrealistic, since it
qualitatively describes well the PL properties of porous
silicon. We consider, however, that dimensional disorder
in the model rather than Euclidean dimensions plays a
role in the PL characteristics. Preliminary results*® on a
three-dimensional but small porous cluster with 270
atoms in six layers at p =0.43 show that the PL decay
still behaves similarly to that in this study; e.g., the PL
decay without hopping of carriers is mostly independent
of emission energy and its profile is described by a
stretched exponential. Although atoms in the porous
cluster are presumed to maintain their lattice positions in
the above discussion, configurational relaxation of atoms
may occur after producing the porous cluster. If the re-
laxation does not alter the coordination numbers for indi-
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vidual atoms, this simplification might not seriously
change the qualitative results above. In this sense, a spe-
cial lattice structure might be of secondary importance
compared to the topological connectivities of the atoms.
These, however, are problems left for the future.

V. CONCLUSION

PL of porous silicon is studied at various temperatures
(15-293 K) and its properties are interpreted using a
porous-cluster model. Below ~70 K, the nonexponential
PL decay is mostly independent of emission energy Ep; .
This is ascribed to the carrier recombination through lo-
calized states distributed in energies, which give a distri-
bution of wave-function overlap independent of emission
energy (statistical effects). Further, the low dimensionali-
ty in terms of a fractal dimension of wave function and its
disorder in the electronic structure of the porous cluster
model are put forward for the origin of the statistical
effects. As the temperature increases, on the other hand,
the PL spectrum redshifts, the spectrum width narrows,
and the PL lifetime decreases. The PL lifetime becomes a
decreasing function of Ep;. These changes by tempera-
ture are conceived to be induced by thermal activation of
recombination processes, including carrier hopping
among these localized states (dynamical effects).
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