
Eur. Phys. J. B 8, 179–193 (1999) THE EUROPEAN
PHYSICAL JOURNAL B
c©

EDP Sciences
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Abstract. Light-emitting porous amorphous silicon has been produced by anodization in HF of hydro-
genated amorphous silicon films. The maximal thickness of the porous films is limited by the onset of an
instability which results in the formation of large channels short-circuiting the amorphous layer. This is due
to the high resistivity of the amorphous silicon films as compared to that of the electrolyte. Confinement
effects on the electron wavefunction are analyzed in situ using photoluminescence measurements in hy-
drofluoric acid and compared to those observed in porous crystalline silicon. For crystalline silicon, a huge
blue shift of the photoluminescence is observable upon reducing the size of the structures by photo-etch,
showing clear evidence of quantum confinement effects in this material. No shift has been observed when
carrying out the same experiment with amorphous silicon. This indicates that the extent of the wavefunc-
tion in the bandtail states involved in luminescence is too small to be sensitive to confinement down to the
minimum sizes of our porous material (∼ 3 nm). Measurements of the width and the temperature depen-
dence of the photoluminescence demonstrate that the Urbach energy does not change upon increasing the
porosity, i.e., upon decreasing the size of the a-Si:H nanostructures, in contradiction with what has been
reported in ultrathin a-Si:H multilayers.

PACS. 78.55.Mb Porous materials – 78.66.Jg Amorphous semiconductors; glasses; nanocrystalline
materials – 81.05.Rm Porous materials; granular materials

1 Introduction

Bustarret et al. [1–3] first reported light emission from
anodized amorphous silicon layers. However, their a-
Si:H films were obtained under unconventional deposi-
tion conditions and the luminescence was spatially in-
homogeneous. Several other groups tried to make a-Si:H
microporous but did not succeed [4,5]. Recently, our group
obtained strongly luminescent porous silicon by anodiza-
tion of device-grade amorphous silicon films [6]. Indepen-
dently, Estes et al. [7] have also obtained luminescent
porous a-Si:H in line with our results. The maximal thick-
ness of the porous a-Si:H films obtained is rather small,
0.4 µm [6], and even smaller (0.08 µm) for those of Estes
et al. [7]. We have attributed this limitation to an instabil-
ity arising from the high resistivity of amorphous silicon
[8]. Because the amount of material is limited, the total
photoluminescence (PL) is rather weak but the intensity
for the same thickness (related to the quantum efficiency)
is not much smaller than that of porous crystalline silicon.

For porous crystalline silicon films, photoluminescence
properties have been studied extensively since the first ob-
servation of the very intense PL band at around 2 eV in
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1990 (see e.g., review [9]). The blue shift of the PL peak
energy (from Eg = 1.1 eV to ∼ 2 eV) has been inter-
preted in terms of quantum confinement effects (QCE) by
several groups, since the size of the silicon structures is in
the range of 20 to 30 Å, i.e., a size for which significant
confinement effects on the electron wavefunction are ex-
pected. The QCE interpretation has been experimentally
verified by in situ photoluminescence experiments in hy-
drofluoric acid [10], resonantly excited photoluminescence
measurements [11] and spectral shifts of electrolumines-
cence in an electrolyte [12].

Radiative recombination properties in a-Si:H nanos-
tructures and confinement effects have been investigated
theoretically as well as experimentally by many groups
[13–21]. Nevertheless, it is still a matter of debate to what
extent the localized and the extended states are affected
by quantum confinement effects. The localization length
in amorphous silicon has been estimated by Mott [13] to
be about 2 to 3 atomic distances, i.e., about 6–7 Å. Since
PL arises from thermalized electron-hole pairs in the local-
ized states, no confinement effects on the PL peak energy
are expected for sizes of the nanostructures larger than
this critical size. Experimentally, in a-Si:H/a-Si:N:H [14]
and a-Si/a-SiO2 [15] multilayers, a blue shift of the PL
peak energy has been observed upon reducing the a-Si:H
layer thickness. This shift has been interpreted in terms
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of quantum confinement effects on the electron wavefunc-
tion in a-Si:H. Another size effect has been reported as
inducing a broadening of the Urbach energy [17,18]. This
increase of the Urbach energy has been explained by a sig-
nificant shift of the mobility edge to higher energies, the
lowest localized states being not or less affected [14,19].

Most of the previous investigations on size effects in
amorphous silicon are based on the study of amorphous
silicon ultrathin multilayers. It is known that these mate-
rials do not have perfect interfaces (the barrier material
is mostly amorphous silicon oxide or silicon nitride) [20].
Moreover, ultrathin deposits of a-Si:H do not have the
same material properties as bulk a-Si:H [21]. With respect
to these problems, specific to multilayers, porous a-Si:H [6]
has several advantages: this material has the same atomic
structure as bulk amorphous silicon since it is obtained
from it by anodic etching, and it has no interface states
because the surface of the silicon wires is perfectly pas-
sivated by hydrogen [22]. In the present article, we show
that in situ photoluminescence measurements allow a di-
rect comparison between confinement effects in crystalline
and amorphous silicon. The analysis of the shape of the
spectrum and its temperature dependence as a function
of size brings further information on the radiative recom-
bination properties to be compared to that of multilayer
measurements.

This paper reviews our recent work on porous a-Si:H
and porous c-Si [6,8,10,22–25], confirms some preliminary
measurements and gives complementary results. It will be
organized as follows: after a description of the prepara-
tion and experimental techniques, we briefly review the
properties of the instability during anodization, the sim-
ulation of this phenomenon by a linear stability analysis
and finally give some possible solutions to avoid the onset
of this instability. A complete analysis of the PL prop-
erties of porous a-Si:H (aPS) is presented with respect
to confinement effects on the localized and the extended
states. In order to analyze the confinement effects on the
localized states, in situ PL experiments are presented and
the difference in the recombination mechanisms between
crystalline and amorphous porous silicon is discussed. The
evolution of the PL peak energy as a function of the size
of the structures is discussed. In the next section, size ef-
fects on the Urbach energy are investigated, analyzing the
width of the PL spectrum and the temperature depen-
dence of the PL efficiency. Finally, PL of porous a-Si:H is
compared to that of ultrathin a-Si:H multilayers.

2 Preparation and experimental techniques

2.1 Starting material for anodization: hydrogenated
amorphous silicon

Hydrogenated amorphous silicon films are produced
by rf-plasma decomposition of pure silane SiH4 in a
capacitively-coupled reactor at 13.56 MHz. Normal depo-
sition conditions are: total pressure, 50 mtorr; gas flow
rate, 2 l/h; rf power density, 0.15 W/cm2; substrate tem-
perature, 250 ◦C. These parameter values are known to

Fig. 1. Schematic picture of the electrochmical cell used for
anodization of silicon and in situ photoluminescence analyses.

produce a homogeneous, low density-of-state amorphous
material, far from the conditions of microcrystalline sili-
con formation [26]. Boron doping is obtained by injecting
a small amount of an admixture of diborane gas and hy-
drogen (3% of B2H6 in H2) in the plasma. The films were
deposited on optically polished stainless steel substrates
((25× 75× 1) mm3). The deposition rate was about 4 Å/s
for undoped films and up to 6 Å/s for the highly doped
samples. In order to provide a good ohmic contact, a very
thin heavily boron doped a-Si:H film (1000 Å, 2% B2H6)
was first deposited on the stainless steel substrate.

The undoped amorphous deposited material is of de-
vice grade, with a gap defined by E04 = 1.9 eV, a re-
fractive index n(λ = 0) = 3.4, an average gap Eav of
3.48 eV [27] and a characteristic bandtail energy (Urbach

energy (EopticalU )) of about 50 meV determined by optical
spectroscopy. The defect density of states at the Fermi-
level (determined by space-charge limited current mea-
surements) is of about 5 × 1015 cm−3 eV−1 [28].

Increasing the doping level to about 3% diborane in
gas phase, increases the defect density at Fermi-level by
several orders of magnitude (up to about 1019 cm−3 eV−1)
[26]. Also, the Urbach energy, which can be taken as a
measure of disorder, increases by about a factor of 4 from
undoped a-Si:H (50 meV) to highly boron doped a-Si:H
(180 meV) [25].

2.2 Photoluminescence

Photoluminescence of porous amorphous silicon (aPS) has
been recorded for layers formed under various conditions
(a-Si:H doping (from 0.1% to 3% boron in gas phase),
HF concentration (from 5% to 50%)). The sample was
mounted on a copper plate in a vacuum chamber (max.
pressure 10−3 torr, liquid-nitrogen trapped). The cham-
ber provided optical access to the sample through a SiO2

window and was fixed on a X-Y translation stage.
In situ PL was performed in the cell where porous sili-

con had been formed. The cell is schematized in Figure 1.
The cell was machined in polytrifluorochloroethylene. The
2-inch p-Si wafer, or the a-Si:H layer deposited on a stain-
less steel substrate of the same dimensions, was pressed
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against the cell wall with a fluoroelastomer O-ring seal.
The opposite side of the cell bore a calcium fluoride win-
dow, providing optical access over 40 mm diameter. The
counter electrode consisted of parallel, 0.2 mm diameter
platinum wires, running along the window. The 4 mm
spacing between two wires provided free access for the
laser beam used for illumination. The cell was mounted
on a X-Y -Z translation stage, allowing fine control of the
spot position. Two 0.5 mm inner diameter Teflon tubes
were fitted at the top and the bottom of the cell, for fill-
ing and emptying the cell, or changing the electrolyte.

The excitation source was a krypton-ion laser (351 nm
or 476 nm line). The PL signal was analyzed with a
monochromator (27.5 cm focal length, 150 grooves/mm)
and recorded with a cryostatically cooled CCD detector
(OMA). The spectral sensitivity of the system was cali-
brated by using a Tungsten lamp at 2850 K.

Time-resolved PL measurements have been carried
out at room-temperature and liquid-nitrogen temperature
with a pulsed N2-laser (λ = 337 nm, ∆t = 3 ns, µ =
20 Hz). The PL signal was dispersed by a monochromator
and detected by a photomultiplier tube, followed by an
acquisition system consisting of a Lecroy 9310 AM oscil-
loscope at 400 MHz. The time resolution is estimated to
be about 5 ns.

3 Macro-instability during pore formation
in a-Si:H

During the anodization of p-type crystalline silicon in HF
two different regimes are observable: pore formation and
electropolishing. Electropolishing occurs at high current
density and low HF concentration, whereas pore forma-
tion occurs at low current density and high HF content.
By cyclic voltammetry, a quantitative distinction between
these two regimes is possible and an overall dissolution
reaction of silicon has been determined [29]:

2h+ + Si + 6HF→ SiF2−
6 + 4H+ + H2 ↑

i.e., two holes h+ are needed to dissolve one silicon atom.
Since this is a local reaction, long range order should

not be relevant, and the reaction is expected to be the
same for amorphous silicon. Indeed, the cyclic voltamme-
try curves in HF are very similar for both materials [8].
However the preparation of porous silicon from amorphous
material is complicated by a new instability, which does
not exist with crystalline silicon, and limits severely the
thickness of porous material that can be produced to less
than 1 µm. This instability affects the electrode potential
during dissolution, as shown in Figure 2, where we plot
a typical variation of the potential (measured against an
Ag/AgCl reference electrode), as a function of anodiza-
tion time at constant current (J = 10 mA/cm2, thickness
of boron-doped a-Si:H film is about 2 µm).

The initial variation (region A) is the normal regime
of formation of amorphous porous material. The larger
initial value of the potential and its slight decrease, which

Fig. 2. Potential during the anodization of a-Si:H. The ini-
tial potential of about 3 V is due to the ohmic drop in the
layer. In region A, the porous layer is formed and the poten-
tial decreases linearly with time. In region B, large channels
are formed short-circuiting the amorphous layer. Note that for
c-Si, the potential is constant during pore formation. The in-
set shows a comparison of the aPS thickness, as determined
from the ohmic drop and by ex situ interferometry, for various
experimental conditions.

are not observed for crystalline silicon, are due to the large
resistivity of a-Si:H (even when boron doped) compared
to that of the electrolyte. The layer of the formed porous
material is filled with electrolyte and the overall resistance
of the film decreases. Hence, the potential drop is expected
to be proportional to the thickness of porous conductive
material formed on the top of the a-Si:H film. This has
been quantitatively verified by comparing the thickness
determined by the potential drop to the thickness mea-
sured by interferometry (inset of Fig. 2).

The new effect is the appearance of a strong and sud-
den variation of the potential (region B), after which we
observe a destruction of the a-Si:H film. Nothing of the
sort is observed during anodization of the crystalline ma-
terial. By comparison with SEM and AFM pictures, the
fast decrease of the potential corresponds to a progressive
short-circuiting of the a-Si:H layer by growing channels.
They tend to be perpendicular to the film, with a diameter
of about 100 nm and about one per µm2.

We explain the different behavior of c-Si and a-Si:H
by the resistivities of these two materials. Highly lumi-
nescent porous silicon is usually formed on p-type crys-
talline Si of 1–10 Ω cm resistivity. Boron-doped hydro-
genated amorphous silicon exhibits a resistivity ranging
from 104 to 106 Ω cm, depending upon the doping level.
This high resistivity makes pores filled with the electrolyte
much more conductive (typically ρ ≈ 10−100 Ω cm) than
the bulk material. This makes the growing of the porous
interface unstable after a while: at the end of the conduc-
tive tips (i.e., the electro-formed pores), the field enhance-
ment favors carrier collection, thereby causing a pref-
erential dissolution at these locations. This “Laplacian
instability” [30] is discussed in more detail in refer-
ence [22]: as soon as the resistivity of silicon (ρSi) is higher
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Fig. 3. Maximal thickness of the porous layer as a function of
doping. The thickness has been determined by interferometry
of the amorphous silicon film before and after anodization. By
electrical injection, porous films of increased thickness have
been obtained from undoped a-Si:H (see arrow)

than that of the electrolyte (ρel), the growth front is unsta-
ble. The onset of the instability depends on the ratio of the
resistivities and it is expected that upon decreasing the re-
sistivity, the onset is shifted to thicker porous layers. The
maximal obtainable thickness as a function of the dop-
ing level is plotted in Figure 3. Supporting our model, one
observes that this maximum thickness increases with dop-
ing: porous layers as thick as 0.4 µm can be obtained with
highly doped films. It explains also why the first porous
amorphous material, as reported by Bustarret et al. [1],
was obtained from very heavily doped material.

The thin-film geometry of amorphous silicon gives the
possibility to produce porous amorphous silicon with un-
doped device-grade a-Si:H, in spite of its high resistivity.
This is obtained by electrically injecting holes from the p+

back contact [23]. In a typical experiment (arrow marked
“Injection” in Fig. 3), we have been able to inject a density
of holes equivalent to a 1% boron doping, thus producing
a layer of undoped porous material of 0.2 µm thickness.

Using the coulometric estimate of the porosity, we have
also determined substrate doping and anodization condi-
tions required for obtaining porous amorphous silicon of
porosities ranging from 30% to 75% (Fig. 4) [22]. This has
been cross-checked for a 35% porosity sample (0.75% B)
by X-ray grazing-incidence reflectivity measurement. The
trends are quite similar to those of c-Si [29] e.g., increas-
ing the HF concentration for a fixed doping level and a
fixed current density results in a decrease of the porosity.
Further evidence for the similarity between the two types
of nanostructure can be found from infrared vibrational
spectroscopy. Infrared measurements evidence no surface
Si–O bonding on the porous surface. The magnitude of
the surface SiHx signal is of the same order of magnitude
as for a cPS layer of the same thickness, indicating that
the two materials have comparable specific surface areas
[22]. Moreover, Bustarret et al. [31,32] have shown that
the nanostructure size of porous a-Si:H is about 3–5 nm
thus similar to that of porous c-Si. Therefore we assume in
the following that for a given sample (fixed doping level)

Fig. 4. Iso-porosity curves of porous a-Si:H as a function of
the doping level and the HF concentration (J =10 mA/cm2).

the porosity and the size of the nanostructures are corre-
lated, i.e., the size of the nanostructures decreases with in-
creasing porosity, as it has been observed by several groups
for porous c-Si [33,34].

4 Results and discussion

4.1 In situ photoluminescence

In situ photoluminescence of porous silicon in HF is a
crucial experiment for assessing size effects on the photo-
luminescence. The basic idea is to reduce the size of the
silicon nanostructures while monitoring the PL signal. In
crystalline silicon, as shown in a recent paper [10], the pro-
gressive shift of the PL during the reduction of the size
gives a clear indication that the processes involved in re-
combination of a photocreated electron-hole pair are bulk
recombination processes (quantum confinement effects).
Note that if the luminescence were due to surface species
[9] in our material, a progressive shift in cPS would not
occur.

In a-Si:H, the situation is different. Because of the
disordered nature of the material, the wave function of
the carriers is localized [13]. Photocreated electron-hole
pairs thermalize in the bandtails and get localized on a
characteristic length of about 6–7 Å. Since the diame-
ter of the silicon nanostructures is about 30 to 50 Å [32,
33] depending on the preparation conditions, no blueshift
is expected when carrying out the same experiment with
porous a-Si:H.

4.1.1 Crystalline silicon: the extended wavefunction

In situ PL of porous silicon in HF was qualitatively first
mentioned by Canham [35] and has been studied by vari-
ous groups [36–44]. In a recent paper [10], a detailed and
comprehensive study of the in situ PL of crystalline silicon
in HF has been carried out depending on the electrolyte
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Fig. 5. Evolution of the in situ PL of cPS (a) and aPS (b)
in ethanoic HF solution. Excitation 351 nm, 1.5 mW/cm2 (a)
and 20 mW/cm2 (b). The direction of change and interval be-
tween two successive spectra are indicated in the figure. Note
that the large blue shift is only present for cPS (neglecting the
“statistical” blue shift).

composition, the excitation wavelength and intensity, in-
vestigating evolution rates and carrier lifetimes. Here, only
the important results are reviewed in order to compare
them with the measurements in porous amorphous sili-
con. A typical set of measurements was performed as fol-
lows: the cell was filled with alcoholic HF (HF:H2O:EtOH
(2:3:5)). Anodization was carried out with a current den-
sity of 20 mA/cm2 for 5 minutes. This is thought to give a
porous layer of ∼ 5 µm thickness and a porosity of ∼ 65%
[10]. Then, either the same electrolyte was left in the cell,
or, in order to minimize chemical etching effects of the
porous structures, a different one was substituted without
exposing the sample to air. Aging of the sample was stud-
ied under illumination of a krypton-ion laser beam while
monitoring the PL. In order to suppress optical interfer-
ences in the porous layer, the initial silicon surface was
poorly polished.

Figure 5a shows a typical evolution of porous silicon
in HF. The initial luminescence of porous crystalline sil-
icon in HF after anodization is centered around 800 nm
and is generally lower by two to three orders of magnitude
than that of a dry sample. After porous silicon formation,

the laser excitation (λ = 351 nm) is switched on (here
without exchange of the electrolyte) and successive spec-
tra, equally time spaced (∆t = 50 s), are recorded. The
spectra shift progressively to higher energies and reach a
final state after a time τ ≈ 500 s with a peak wavelength
around 560 nm. For very long illumination times the PL
intensity starts to decrease.

The evolution from the red luminescence to the
green luminescence is progressive. This simple observation
stands as a strong argument in favor of a common origin
for these luminescences. Since oxide species are known not
to be stable in HF, the most straightforward interpretation
for the evolution is that the photoluminescence of porous
crystalline silicon is due to quantum confinement effects,
and its blue shift under illumination in HF is related to
photoelectrochemical etching (Appendix).

4.1.2 Remarks on the evolution of the PL intensities

The near-IR PL intensity of porous silicon is quenched
by about 2 to 3 orders of magnitude in HF. Even if the
exact reasons of this quenching are still a matter of debate
[10,42], a plausible explanation is given by the screening
effect on the photogenerated electron-hole pair, due to the
high dielectric constant of the electrolyte [10].

During evolution, the ratio in PL intensity between
the red and green peak intensities in Figure 5a is about a
factor of 3 but it can be much larger in electrolytes with
higher HF concentration. We have shown that the PL in-
tensity increase is correlated with the PL blueshift [10]:
when the size of the porous silicon structure is reduced,
the probability to diffuse to a Shockley-Read-Hall cen-
ter decreases, resulting in a lowering of the non-radiative
recombination rate. Factors influencing the radiative ef-
ficiency (quantum efficiency, quenching by the liquid
[10], ...) might also contribute to this effect.

4.1.3 Amorphous silicon: the localized wavefunction

The same experiment has been performed on aPS. We
have anodized a 2 µm thick, p-doped (1.5% boron in
gas phase) a-Si:H layer on stainless steel substrate (5 cm
× 5 cm), in the cell described in the experimental sec-
tion under the following conditions: current density of
10 mA/cm2 and electrolyte concentration of 25% ethanoic
HF. The resulting aPS layer has a thickness of about
0.4 µm and a porosity of about 75%. Then, for the same
experimental conditions as for cPS (excitation: 351 nm,
electrolyte: 25% ethanoic HF), the evolution of the PL as
a function of the illumination time is monitored (Fig. 5b).
After the laser is switched on, the initial luminescence of
porous a-Si:H in HF is centered around 760 nm and is
hardly quenched by the presence of the electrolyte, con-
trarily to what has been observed in cPS [10]. Then, a de-
crease of the luminescence intensity is observable, simply
attributable to a loss of material, without any sizable blue
shift (neglecting the “statistical” blue shift, see Sect. 4.3).
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Fig. 6. Room-temperature photoluminescence spectrum of
porous silicon obtained from a-Si:H under the following elec-
trochemical conditions: 25% ethanoic HF, 10 mA/cm2 current
density. The PL spectrum of undoped bulk a-Si:H at T=77 K
is added. Excitation 476 nm, 10 mW/cm2. The PL intensities
are scaled to the same peak intensity.

This experiment is crucial in the sense that it demon-
strates the different quantum behavior of the photolumi-
nescence of aPS and cPS: in a-Si:H, after excitation most
carriers get trapped and are localized on a scale much
smaller than the size of the porous structures. Hence, no
blueshift occurs upon reducing the nanostructure size. In
c-Si, where the wavefunction is extended, reducing the size
of the structure results in a blue shift, showing clear evi-
dence of quantum confinement effects.

4.2 High PL intensity and spatial confinement

A typical room-temperature PL spectrum of porous amor-
phous silicon (aPS) is shown in Figure 6. The PL was
recorded under vacuum in order to avoid degradation ef-
fects. In the same way as for cPS, the samples of the
highest porosity give the best room-temperature lumines-
cence. The integrated intensity, after scaling to the layer
thickness, is comparable to that of cPS, though generally
somewhat lower (about one order of magnitude smaller)
and the PL is homogeneous (down to 1 µm) under optical
microscope. We now discuss the high PL intensity of aPS
at room temperature in the spatial confinement model, as
first proposed by Tiedje et al. [45] for thin layers and re-
cently extended by Estes and Moddel [46] to small wires
and dots.

At low temperature (T ≈ 50 K), intrinsic bulk amor-
phous silicon is a highly luminescent material with a quan-
tum efficiency of the order of 10% [47]. However, in highly
boron doped a-Si:H, the material used for the fabrica-
tion of thick porous silicon layers, the low-temperature
PL is strongly quenched due to the large amount of
doping-related defects. For a defect density ND of about
1018 cm−3, it has been shown experimentally that the PL
is quenched by about 4 orders of magnitude [26].

In the commonly used model of recombination in
a-Si:H, first proposed by Street [26], defects provide the
dominant recombination centers when their density is

above 1017 cm−3 or when the temperature is higher than
100 K. At low temperature, photogenerated carriers ther-
malize in the bandtails and get trapped in localized states.
Then, the electron-hole pairs can recombine either radia-
tively (see Sect. 4.6) or non-radiatively upon capture by a
defect. Considering the distance from a defect at which the
non-radiative and radiative recombination rates are equal,
a nonradiative capture radius Rc around the defects can
be defined. Alternately, Rc may be viewed as the charac-
teristic distance explored by a photocreated electron-hole
pair before its radiative recombination. The quantum effi-
ciency is then determined by solving the nearest neighbor
distribution function for randomly dispersed defects [26].
Then the quantum efficiency η0 reads:

η0 = exp

(
−

4

3
πR3

cND

)
(1)

where the non-radiative capture radius Rc is:

Rc =
R0

2
ln(ω0τR). (2)

Here, ND is the defect density, R0 is the localization ra-
dius, ω0 is the attempt-to-escape frequency (∼ 1012 Hz)
and τR is the radiative lifetime. This relationship has been
experimentally verified by Tsang and Street [48] and re-
cently by Schubert et al. [49]. They have fitted the data
with a Rc of 100 to 120 Å, i.e., a localization radius R0 of
about 10 Å, in good agreement with [13]. As depicted in
Figure 7a, one can illustrate this model of non-radiative
capture volumes of radius Rc by “dark spheres” surround-
ing defects. At low temperature, these dark regions are
non-luminescent whereas the remaining space is highly lu-
minescent with a quantum efficiency of about one (“light-
gray space”). The quantum efficiency is then the ratio of
the light-gray volume to the whole volume. For device-
grade a-Si:H, the volume occupied by dark spheres is neg-
ligible, so that one observes very high quantum efficiencies
(∼ 10%) at low temperature. However, doping introduces
defects and the total volume occupied by dark spheres in-
creases. This accounts for the dramatic decrease of the
quantum efficiency in strongly boron-doped a-Si:H.

In porous amorphous silicon the size of the structures
is estimated to be in the range 30 to 50 Å [31,32]. In
this nanostructured material, the probability for a photo-
carrier of encountering a non-radiative center is no more
given by the dark-sphere volume but by the volume Vc of
the intersection of the dark spheres with the nanostruc-
ture. When the characteristic size of the nanostructure is
smaller than Rc, one has Vc < 4πR3

c/3, hence the non-
radiative recombination probability is decreased and the
quantum efficiency is increased as compared to the bulk-
case intensity (spatial confinement effect). In the limit that
the size of the structures is much smaller than the capture
radius (d� Rc), the result for 2D structures (planar lay-
ers), 1D structures (cylindrical wires) and 0D structures
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Fig. 7. Spatial confinement in amorphous silicon at low tem-
perature. (a) illustrates the case of highly doped bulk a-Si:H.
Dark spheres, representing non-radiative capture regions, cover
almost the whole space. The quantum efficiency (ratio of light-
gray space to the whole space) for, e.g., a defect density
ND = 1018 cm−3eV−1, is η ' 10−3 (after Eq. (1)). In (b)
the same bulk film has been etched into small wires (poros-
ity P = 60%). Since the structures are smaller than the non-
radiative capture radius, the quantum efficiency increases: for
the same defect density of ND = 1018 cm−3eV−1, (here for
wires with a radius of 30 Å) η = 50% (Eq. (4)), i.e., of about 3
orders of magnitude larger than in the bulk case. The circle in
(b) has the size of dark spots of (a); it underlines the fact that
the increased luminescence in (b) mainly arises from the much
smaller volume surrounding centers in which recombination is
non-radiative, the remainder of the initial volume being either
non-existent or isolated from the centers by the voids.

(spherical particles) is:

η0,2D = exp (−πdR2
cND) (d = layer thickness), (3)

η0,1D = exp (−2πd2RcND) (d = wire radius), (4)

η0,0D = exp

(
−

4

3
πd3ND

)
(d = sphere radius). (5)

For device-grade material, this effect will not be very im-
portant, but for highly doped material, it leads to a dra-
matic increase of the quantum efficiency (Fig. 7b). For
example, for a defect density ND = 1018 cm−3, the PL
efficiency is of the order of 10−3 for the bulk, whereas

Fig. 8. Evolution of the in situ PL of low porosity aPS in 50%
aqueous HF solution. Excitation 476 nm, 10 mW/cm2. The
successive spectra have been recorded in the order indicated
in the figure. First an increase of intensity and a small “sta-
tistical” blue shift are observable and then the PL intensity
decreases without any measurable blue shift.

for small wires (d = 30 Å), the PL efficiency increases to
about 50%.

This picture of topological confinement would be in-
validated if surface recombination in these small struc-
tures (wires or dots), with a large surface to volume ra-
tio, would become dominant. In fact, silicon immersed
in HF is perfectly passivated by hydrogen, as shown
by Yablonovitch et al. [50], and exhibits extremely low
surface-recombination velocities of about 1 cm/s which
correspond to a center density of the order of 107 cm−2.
This nearly perfect electronic passivation survives as long
as the hydrogen coating of the surface is stable. On a-Si:H,
it is known that the surface hydrogen is much more stable
than on c-Si [26]. The combination of the spatial confine-
ment effect and a nearly perfect surface passivation is the
key to understand the high PL intensity of porous amor-
phous silicon.

In the framework of the spatial confinement model,
one expects that during in situ PL measurements, the PL
intensity first increases by reducing the size (boron-doped
bulk a-Si:H has a very low quantum efficiency), and then
diminishes due to the etching of the structures and the
corresponding loss of material. Indeed, this has been ob-
served (see Fig. 8) when starting with a material of low
porosity. We have anodized a 2 µm thick, p-doped (1.5%
boron in gas phase) a-Si:H layer deposited on stainless
steel under the following conditions: a current density of
10 mA/cm2 and an electrolyte of 50% aqueous HF. The
resulting porous layer has an initial porosity of about 45%
and a thickness of about 0.1 µm. The photoelectrochem-
ical etching is carried out in 50% aqueous HF and with
the 476 nm line of the krypton-ion laser in order to have a
slow evolution. Figure 8 shows a typical evolution, which
is much slower than in 25% ethanoic HF. One observes
a small increase of the PL intensity during the first min-
utes and then the same drop of the PL intensity as in
Figure 5b. At the same time the interferences disappear
from the spectrum, a further indication of the porous layer
dissolution. As it will be discussed in the next section,
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Fig. 9. Peak energy of the aPS PL spectra as a function of
porosity at T = 77 K and 300 K.

the small blue shift observed in the spectra of Figure 8 is
an expected feature, not related to quantum confinement
effects.

In conclusion, in situ PL of porous a-Si:H can be fully
explained by the spatial confinement model. The absence
of a significant blue shift demonstrates that no quantum
confinement effects are observable on the lowest localized
states in a-Si:H.

4.3 The small “statistical shift” of the PL peak energy

The PL peak energy in device-grade bulk a-Si:H is known
to be about 1.3 eV at low temperature and is estimated
to be about 1.2 eV for boron-doped samples due to en-
larged bandtails. In porous a-Si:H, the luminescence peak
energy is observed at higher energies, at about 1.5 eV
(Fig. 6). This shift is much smaller than the huge blue
shift observed in cPS. Clearly, they are of different na-
ture. We have analyzed the peak energy as a function of
the porosity, i.e., as experimentally shown for cPS [33,34],
as a function of the size of the structures (see Sect. 3).
For a fixed doping level (here about 0.75%), upon increas-
ing the porosity, the PL peak energy shifts from 1.3 to
1.5 eV at room temperature and from 1.45 to 1.6 eV at
low temperature (Fig. 9). A similar transition from about
1.4 to 1.5 eV has been observed upon photoelectrochemi-
cally etching low porosity samples in HF (Fig. 8).

In the PL model of Dunstan and Boulitrop [51], pho-
tocreated carriers thermalize in the bandtails and radia-
tive recombination occurs in the critical volume Vc, from
the deepest energy state of the conduction band to that
of the valence band. Calculating the probability that an
energy state is deepest within a sphere Vc, the density of
deepest states Ndeepest(E) within volume Vc reads (here
for the valence band, i.e., “deepest states” means highest
energy):

Ndeepest(E) = N0 exp(−E/Eνu)

× exp(−VcN0E
ν
U exp(−E/EνU)) (6)

where E is counted from the valence band mobility edge,
N0 is the DOS at the mobility edge of the valence band and

EνU is the characteristic valence-bandtail energy. Since the
PL spectrum is the convolution of the density of deepest
energy states of the valence and the conduction band, the
PL peak energy can be accounted for [51]:

Epeak = EM −E
ν
U ln(VcN0E

ν
U )−EcU ln(VcN0E

c
U ) (7)

where EM is the mobility gap. (The last two terms in
Eq. (7) are the maxima of the densities for the valence and
the conduction band, respectively). Tiedje et al. [45] and
more recently Estes and Moddel [46] have expanded this
model to 0D, 1D and 2D structures but the tendency is
already observable from equation (7): when the volume Vc
explored by the electron-hole pair decreases, the peak en-
ergy increases logarithmically towards the mobility edge.
This purely statistical shift can be put in a more intuitive
picture: when the electron-hole pair is confined in a small
volume, the total number of available states in the band-
tail becomes small, hence the lowest energy accessible to
the pair before recombination is not as low as in the bulk
material. For example, for EM = 1.7 eV, EνU ≈ E

optical
U =

50 meV and N0 = 1021 cm−3 eV−1, one obtains a peak
energy shift of about 0.2 eV from bulk a-Si:H to a-Si:H
wires with a radius of d = 1.5 nm. This shift increases
for higher Urbach energies and reaches about 0.35 eV for

EνU ≈ E
optical
U = 100 meV.

In Figure 9, for high porosities, i.e., small sizes of the
microstructures (see Sect. 3.), the dependence of peak en-
ergy on porosity becomes less pronounced at about 1.5
(resp. 1.6 eV) at room-temperature (resp. liquid nitrogen
temperature), which is in good agreement with the log-
arithmic behavior (Eq. (7)). (Note that the a-Si:H gap
changes by about 0.1 eV from 77 to 300 K [26]). This ef-
fect also accounts for the small PL peak shift observed
during in situ PL (Fig. 8).

In summary, this small blue shift does not stem from
quantum confinement effects, but is straightforwardly un-
derstood, as discussed above, from the availability of deep
states in a restricted volume. Some recent numerical stud-
ies [52,53] have shown that quantum confinement effects in
small a-Si:H dots or layers are theoretically possible. In or-
der to understand the transition between pure spatial con-
finement and quantum confinement, we have undertaken
a numerical simulation of a simple model featuring the
effects of finite size and disorder on the states associated
with a periodic potential. For the sake of simplicity, we
have considered a one-dimensional Kronig-Penney (KP)
model. Upon adding a random potential fluctuation with
a standard deviation of 10% to the KP potential array, a
bandtail appears in the density of states. This bandtail ex-
hibits a nearly exponential decaying shape. This model is
not adequate to describe the DOS in a-Si:H, but it shows
qualitatively what happens to exponential bandtails and
the ground state when the size of a structure is reduced.
The statistical mean value of the ground-state energy for
a large a-Si:H array (>100 sites) has an almost logarith-
mic dependence on the array size (Fig. 10). This is in
good agreement with the model of Dunstan and Boulitrop
(Eq. (7)). In the very simple KP model, the transition be-
tween the quantum confinement model (1/d2-dependence)
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Fig. 10. (a) Calculated distribution of the ground state energy
for different randomly created potential arrays. The number
of sites in the array is indicated on the curves. (b) Averaged
energy of the ground state for an array as a function of the
array size. (10% RMS perturbation, average over 1000 ground
state energies for different random distributions.) The line is a
fit combining the quantum confinement model (1/d2) and the
statistical shift (ln(l/d)).

and the spatial confinement model ln(1/d)-dependence) is
observed for very small arrays (≤ 10 sites). Even though
the calculation is not quantitative, first-principle consid-
erations (localization length of about 6–7 Å whereas the
aPS structure sizes are between 30–50 Å [32]) and the
recent quantitative empirical tight-binding calculation of
Allan et al. [53] (significant HOMO-LUMO gap increase
only for slabs smaller than 1 nm) support that no quan-
tum confinement effects are possible for the structure sizes
present in porous amorphous silicon.

4.4 Width of the PL spectrum

In the same model of Dunstan and Boulitrop [51], the
full width at half maximum (FWHM) of the PL can be
estimated from the width of the density of deepest states.
The distribution width ∆E can be obtained numerically
from equation (6) (here for the valence band):

∆Eν ∼= 2.5EνU . (8)

Experimentally available are the full width at half
maximum of the spectra (FWHM) and the optically

Fig. 11. (a) Full width at half maximum (FWHM) of porous a-
Si:H PL spectra for different doping levels(0,0.1,0.2,0.75,1.5%
boron in gas phase) and constant porosity (75%) as a function
of the optically determined Urbach energy of the same layers
before anodization (filled circles). The FWHM of aSi1−xCx:H
PL spectra of reference [54] are shown (squares). Based on
equation (8), a linear fit for all data points below EopticalU <150
meV is inserted. (b) The FWHM of aPS is plotted as a function
of porosity (35%, 45%, 65%, 75%) for a constant doping level
(0.75% boron in gas phase).

determined Urbach energy EopticalU . These are not exactly
the same values as ∆Eν and EνU : the PL spectrum (resp.
the optical absorption) involves a convolution of the dis-
tribution Ndeepest(E) (Eq. (6)) (resp. the DOS weighted
with dipole-matrix element) of the valence band with that
of the conduction band. Since these two convolutions op-
erate on mathematically different functions, the resulting
scaling factor may be different for ∆E and EU , hence, the
theoretical slope of 2.5 in equation (8) gives only an or-
der of magnitude estimate. Experimentally, a value of 3.85
for the prefactor in equation (8) has been determined for
a-Si1−x:Cx:H alloys [54].

In Figure 11a, the width of the spectrum (FWHM)
of several aPS samples obtained from differently doped
a-Si:H layers, but with a fixed porosity of about 70%,
is plotted against the optically determined Urbach en-
ergy of the same a-Si:H layers before anodization. (The
porous a-Si:H layers are too thin for a direct determination
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of EU .) The FWHM of the PL increases with disorder and
we find exactly the same dependence of the FWHM on the
Urbach energy as for the carbon-silicon alloys taken from
[54]. This is a strong argument that the density of states
in porous a-Si:H is the same as in bulk a-Si:H before an-
odization.

This is supported by the fact that varying the porosity
for a fixed doping level does not change the FWHM of the
PL (Fig. 11b). Relating nanostructure size and porosity is
not straightforward and may depend upon sample prepa-
ration (e.g., doping level). However, for a given sample,
increasing the porosity leads to decreasing nanostructure
size (see Sect. 3). Therefore, interpretations of size effects
on the density of states in a-Si:H nanostructures [14,19,
55] are ruled out by the present experiment [56].

4.5 Temperature dependence
of the photoluminescence

In an ideal nanosphere, perfectly insulated from the rest
of the material, and containing no defects, the PL quan-
tum efficiency is unity and independent of temperature. If
such a nanoparticle is connected to the rest of the porous
material, the situation is different: as soon as diffusion in
the mobility band (a thermally activated process) becomes
possible, a nonradiative capture by a defect will unavoid-
ably take place and the PL will be strongly quenched, as in
bulk a-Si:H. The existence of a strong thermal quenching
of the PL then stands as a clear-cut proof of the connec-
tivity of the porous structure.

In the dark-spot model (Sect. 4.2), an electron-hole
pair in a bright region can diffuse and eventually reach
a dark spot when the temperature is increased. This re-
sults in a decrease of the PL (“thermal quenching”). In a
simple model, one can suppose that each carrier which is
reemitted from a trap recombines non-radiatively. Then,
thermal quenching occurs for all carriers for which the
thermal reemission rate is higher than the radiative re-
combination rate 1/τR. Equating these rates, one obtains
a critical energy, called demarcation energy ED(T, τR):

ED(T, τR) = EM − kT ln(ω0τR) (9)

where ω0 is a characteristic attempt-to-escape frequency
(∼ 1012 s−1). By calculating the proportion of carriers
which are trapped deeper than ED, one obtains for the
temperature-dependent quantum efficiency [26]:

η(T ) ∝ exp

(
−kT

ln(ω0τR)

EU

)
= exp

(
−
T

T0

)
(10)

with

kT0 =
EU

ln(ω0τR)
≈

1

20
EU (11)

for a radiative recombination time τR of about 1 ms.
In this simple model, the high-temperature PL intensity
obeys an exponential law described by a characteristic
temperature T0 proportional to the Urbach energy EU .

Fig. 12. Temperature dependence of the integrated PL in-
tensity for aPS of different porosities. Here, the porosity is
successively changed from 35%, 45%, 65%, to 75%) by varying
the HF concentration with a fixed doping level (0.75% B).

In a more detailed model, including the diffusion capa-
bility of the electron-hole pair, we have shown that the
temperature dependence of the quantum efficiency in the
high-temperature limit is similar to equation (10) [22,25].
However, in order to extend the fit of the PL intensity
towards low T (down to about 50 K), the simple law in
equation (10) has to be complemented. Experimentally, it
was found that [57]

η(T ) =
A

1 +B exp(T/T0)
(12)

fits the PL data over a wide temperature range.
In the standard model of thermal quenching (Eq. (10)),

spatial confinement is not expected to affect the escape
probability of an electron or hole trapped in the bandtails.
On the opposite, quantum effects on the extended states in
amorphous silicon might increase the Urbach energy due
to the spreading of the bandtail and therefore lower the
escape probability (this has been taken as evidence for
quantum confinement effects in a-Si:H multilayers [17]).
In a simple model, diffusion and subsequent capture of
the electron-hole pair by a Shockley-Read-Hall center may
be considered independent of confinement. Then, without
quantum effects, the PL yield η(T ) in a small a-Si:H par-
ticle is just proportional to that of bulk a-Si:H, where
as with quantum effects, T0 should increase and the PL
should depend less on the temperature than that of bulk
a-Si:H.

Photoluminescence (PL) of amorphous porous silicon
(aPS) has been recorded as a function of temperature
(from 77 K to 400 K) for layers formed under various
conditions of a-Si:H doping (from 0.1% to 3% boron in
gas phase) and HF concentration (from 5 to 50%). It has
been checked that the PL intensity is a linear function
of the excitation intensity for intensities up to at least
150 mW/cm2 for blue excitation (λ = 476 nm) and up to
20 mW/cm2 for UV excitation (λ = 351 nm), excluding
Auger effects.

Figure 12 shows the temperature dependence for dif-
ferent porosities obtained by porous etching of bulk mate-
rial at different HF concentrations for a fixed doping level.
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Fig. 13. Urbach energy determined by photospectrometry as
a function of the characteristic temperature T0 determined by
the temperature-dependence of the PL. All samples have a
porosity of 70%, but are made from bulk materials of different
doping levels (undoped, 0.1, 0.2, 0.75 and 1.5%). Higher dop-
ing levels correspond to larger Urbach energies. According to
theory, T0 is expected to be proportional to EU .

A strong thermal quenching of the PL signal is observed
for all porosities. By the way this confirms that aPS con-
sists of interconnected dots or a skeleton of wires as in
crystalline silicon rather than isolated nanoparticles. In
the high-temperature range, one clearly observes that the
slope, i.e., the characteristic temperature T0 (Eq. (11)), is
independent of the porosity. Varying the size of the struc-
tures has therefore no influence on T0 , i.e., on the Urbach
energy.

However, the value of T0 in our bright-luminescent
sample is larger than for undoped bulk solids (100 K in-
stead of 20 K). These results are in typical agreement
with those of Bustarret et al. [3,31] assuming a value of
T0 ≈ 150 K for Bustarret’s samples, that are more heavily
doped than ours [1]. Therefore, we have made a system-
atic study of T0 depending on the doping level of aPS (for
a nearly fixed porosity except for the bulk case). Plotting
the Urbach energy EU (determined by optical absorption
measurements) versus T0 (determined from the tempera-
ture dependent PL data using Eq. (12)) for doping levels
between 0 and 1.5% boron in gas phase, yields a straight
line (Fig. 13) with a slope of about 23. This is in excel-
lent agreement with the estimated value of about 20 for
a radiative recombination time of about 1 ms. Even for a
shorter radiative lifetime, the constant will hardly change
due to its logarithmic dependency, e.g. for τR = 10−6 s,
one obtains a proportionality constant of 14, still in fair
agreement with the data in view of the oversimplifica-
tion of the models, (e.g., our implicit assumption that the
electron-hole pair moves as a single entity).

In summary, the weaker temperature dependence in
p-type a-Si:H in comparison with intrinsic a-Si:H can be
fully explained by the fact that boron doping introduces
a higher disorder in the material. The more the Urbach
energy is enlarged, the more the luminescence is indepen-
dent of temperature, a similar effect as in a-Si1−x:Cx:H
[54]. This explains why in a preliminary study [22],

Fig. 14. Calculated PL quantum efficiency at T=300 K after
equations (13, 14) for bulk a-Si:H wires (radius d = 1, 1.5 and
3 nm) as a function of the Urbach energy.

we had observed an increase in T0 when changing the
porosity by varying the doping level.

We now analyze the PL quantum efficiency at room-
temperature in detail. Since the low-temperature quantum
efficiency (Eqs. (1–5)) and the high-temperature quench-
ing effect (Eqs. (10, 11)) are both decreasing with increas-
ing doping, there is a doping level for which the quantum
efficiency at room temperature is maximum. In the high-
temperature limit, the quantum efficiency can be approx-
imated by

η = exp(−VcND) exp(−T/T0). (13)

Now, we need a relationship between the characteristic
temperature T0, i.e., the Urbach energy EU (Eq. (11))
and the defect density ND. This relationship is given by
the weak-bond-dangling-bond conversion model, proposed
by Stutzmann [58]:

ND = N0EU exp(−Edb/EU) (14)

where a value Edb of about 0.4 eV has been obtained ex-
perimentally.

Thus from equations (13, 14), we can calculate the
room-temperature quantum efficiency depending on the
Urbach energy, i.e., on the doping level. In Figure 14, one
observes that for bulk a-Si:H the maximal quantum ef-
ficiency is obtained for Urbach energies corresponding to
low doping levels and the absolute QE is rather low (10−4).
For small wires (Vc = 2πd2Rc), the situation is different.
Here the optimum doping level is shifted to larger Urbach
energies, i.e., higher boron concentration, and the abso-
lute QE is increasing. Note that for small wires with a
radius of about 10 Å, the QE at room-temperature can
be as high as 1%. This simple model explains qualita-
tively why strongly light-emitting porous a-Si:H samples
have been obtained only from highly boron-doped a-Si:H
films [1,6,7].
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Fig. 15. Time-resolved photoluminescence measurements of
porous a-Si:H for different porosities and temperatures (see
values on the curves). The doping level is fixed at 1.5% boron
in gas phase.

In summary, spatial confinement determines the low
temperature quantum efficiency, whereas the degree of dis-
order in the structures (introduced by boron) determines
the PL quenching at higher temperature. No quantum
confinement effects on the Urbach energy can be detected.

4.6 Photoluminescence decay

Time-resolved photoluminescence measurements have
been carried out for samples with a doping level of about
1.5%. Figure 15 shows the PL decays of aPS for two dif-
ferent porosities (55% and 80%) and two different temper-
atures (83 K and 295 K). The decays have essentially the
same non-exponential shape and the same average lifetime
[59] of about 1 µs, defined by

τ =
1

Imax

∫ ∞
0

I(t)dt. (15)

Since the lifetime does not depend on temperature, it is
concluded that the lifetime of 1 µs is the radiative lifetime.
This observation stands in contrast to the temperature
dependence of the average lifetime in crystalline porous
silicon where a decrease of about one order of magnitude
has been reported from about 100 µs at 77 K to about
10 µs at 300 K [59]. In oxidized aPS, the average lifetime is
found to be 10–30 µs, and weakly temperature dependent
[31].

In amorphous silicon, time-resolved data are generally
interpreted according to the attempt of Tsang and Street
[48]. In their model, a distributionG(τ) of exponential life-
time decays exp(−t/τ) accounts for the decay profile. For
the low temperature decays in Figure 15, the lifetime dis-
tributions of the aPS samples have a maximum at about
1 µs, independently of the porosity.

In device-grade a-Si:H, the lifetime distribution peaks
at about 10−3 and 10−6 s [60]. The radiative lifetime of
our aPS samples seems to coincide with the short radiative
lifetime in bulk a-Si:H. Due to the small thickness of the

aPS films, the signal-to-noise ratio of our measurements
was not sufficient to analyze the millisecond region.

In summary, we have detected a radiative lifetime of
about 1 µs in aPS. There is no significant change in the
lifetime from 55% to 80% porosity, therefore no apparent
change of the lifetime when the size of the structures is
reduced (see Sect. 3), which is in apparent contradiction
with the tunneling recombination model [26,46].

5 Comparison between the PL properties
of porous amorphous silicon and ultrathin
a-Si:H multilayers

Abeles and Tiedje [61] and Miyazaki et al. [14] have ob-
served a small PL-peak-energy blue shift of about 0.1 eV
(1.3 to 1.4 eV) when reducing the well width of their ul-
trathin a-Si:H multilayer structures. Whereas Miyazaki et
al. [14] interpret this shift as a quantum confinement effect
on the localized states (based on theoretical works by Tsu
[62]), Tiedje et al. [45] explain this small shift by a statisti-
cal effect on the bandtail density of states, as described in
Section 4.3. Recently, Lockwood et al. [15] observed a size
dependence of the PL emission energy of a-Si/SiO2 mul-
tilayers (1.7 eV to 2.3 eV), in fair agreement with QCE.
However, these results have not been reproduced yet.

An increase of the Tauc gap and the Urbach energy
EU with decreasing layer thickness has been detected by
optical absorption measurements on ultrathin a-Si:H/a-
Si1−x:Nx:H multilayers [14,17,18,55]. A similar increase
of the characteristic temperature T0 obtained from tem-
perature dependent PL measurements has been observed
when reducing the size of the a-Si:H layer [17]. These re-
sults have been interpreted as evidence that the extended
states, and therefore indirectly the bandtail density of
states, are affected by quantum confinement effects (see
e.g., Abeles and Tiedje [61], Miyazaki et al. [14]).

Recently, other interpretations of the optical measure-
ments on a-Si:H multilayers have emerged [20,62–64]. A
higher Urbach energy is also an indication for higher dis-
order. Interfaces at the multilayer structures might intro-
duce additional disorder, resulting in an increase of the
Urbach energy [21]. Moreover, a study of ultrathin single
a-Si:H layers by Koehler and Fritzsche leads to the conclu-
sion that no QCE effects can be observed [63]. They con-
clude that the thin structures have a different morphology
[21], i.e., a density lower than bulk a-Si:H, resulting in
a higher disorder and therefore a higher Urbach energy.
Other groups object by saying that the standard method
of determining the Tauc gap in a-Si:H can introduce a
large error if multilayers are used since normally used ef-
fective medium approaches can fail [64] or even the Tauc
gap definition is not adequate and has to be replaced by
the Cody gap definition [65]. Clearly, interface and mor-
phology problems severely complicate the interpretation
of the experimental data recorded on multilayers. Porous
amorphous silicon has several advantages in comparison to
multilayers: porous amorphous silicon consists of 0D or 1D
structures in contrast with 2D confinement in multilayers
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(higher confinement degree). It has the same atomic struc-
ture as bulk amorphous silicon since it is obtained from
it by anodic etching. The aPS structures are freestand-
ing (no barrier material) and, due to the high hydrogen
surface passivation, they have almost no interface states.

In the analysis of recombination properties of a-Si:H
nanostructures, one has to distinguish between the PL
properties which affect the lowest localized states respon-
sible for the PL peak energy, and those which concern
the extended states and therefore indirectly the Urbach
energy. It has been shown by in situ PL that the lumines-
cences of aPS and cPS behave differently because of the
medium range disorder of the amorphous material. There
is clear evidence that the lowest localized states in aPS,
responsible for the PL, are not affected by quantum ef-
fects. The small PL blue shift observed upon increasing
porosity has been consistently explained by the statistical
shift in perfect agreement with the results of Tiedje et al.
on a-Si:H multilayers [45]. Contrarily to investigations on
a-Si:H multilayers, the temperature dependent measure-
ments and the analysis of the width of the spectrum of
aPS exclude a spreading of the a-Si:H bandtail as a con-
sequence of quantum confinement effects.

Therefore, our results favor the interpretation that in-
terfaces or a lower material density cause the increase of
the Urbach energy in a-Si:H multilayers.

6 Summary and conclusions

High PL intensity at low T in porous a-Si:H has been con-
sistently explained in the model of spatial confinement:
when the a-Si:H structures are made smaller than the
mean capture radius of a defect, the probability for an
electron-hole pair to recombine non-radiatively decreases
strongly. At room temperature in boron-doped samples,
the competition between spatial confinement and enlarged
bandtails determines the optimum PL intensity. In com-
parison to the bulk where the optimum PL intensity oc-
curs for nearly intrinsic material, the optimum in small
wires is shifted to high doping levels (1%). This explains
why room-temperature PL of porous a-Si:H has first been
observed in strongly doped a-Si:H.

The comparison between the photoluminescence (PL)
properties of amorphous and crystalline silicon provides
clear-cut information on the nature of PL in both types of
materials. For porous crystalline silicon, when the size of
the nanostructures is decreased (by photoelectrochemical
etching), a huge blue shift (from 1.5 to 2.3 eV) is observed
until, eventually, the whole layer is etched out. The same
experiment performed on porous amorphous silicon shows
a decrease of the PL intensity with the loss of material,
but without any significant blue shift. Because of disor-
der, the electron wavefunctions in amorphous silicon are
localized within about 10 Å (Mott-Anderson localization).
Thus, it is not expected that the PL peak energy changes
when the size of the structures is reduced, which is indeed
evidenced by the in situ measurements in HF. For crys-
talline porous silicon the large variation of the PL peak

energy measured in situ during photoelectrochemical etch-
ing can be understood in terms of quantum confinement
effects: photoelectrochemical etching reduces the sizes of
the structures and increases the bandgap. This model of
wave-function confinement is strongly supported, ab ab-
surdo, by the fact that no shift is observed with the same
experiment performed on the same material but now in a
disordered state, where the wavefunction is already local-
ized. The same results can be regarded as a very direct ex-
perimental proof of the Mott-Anderson localization in hy-
drogenated amorphous silicon, with a localization length
of a few atomic distances.

When the porosity of porous amorphous silicon is var-
ied from 35% to 75%, a small blue shift of the peak energy
from about 1.3 to 1.5 eV is observed. This small blue shift
is clearly distinct from the huge blue shift in porous crys-
talline silicon and can be entirely explained by a statistical
effect on the availability of the bandtail states: when the
size of the structures is reduced, the probability for an
electron-hole pair to find a state as deep as in the bulk
material decreases.

The temperature dependence of the PL of porous a-
Si:H is identical to that of bulk amorphous silicon. These
experiments demonstrate that the Urbach energy is pre-
served when the size of the porous a-Si:H nanostructures
is reduced, excluding quantum effects on the bandtail den-
sity of states. These results are supported by the analysis
of the width of the spectrum and stand in clear contrast
with interpretations of quantum confinement effects in ul-
trathin a-Si:H multilayers.
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Appendix : Photoelectrochemical etching

When an electron-hole pair is photocreated in a small sil-
icon particle, different recombination paths may occur.

For a dried porous silicon sample in air, photocarri-
ers recombine either radiatively or non-radiatively. In the
presence of an electrolyte, an alternate path for carrier
annihilation is the consumption in an electrochemical re-
action. Note that the charge neutrality requires that both
carriers undergo an electrochemical reaction. Eventhough
the net current is zero, this is an essentially electrochem-
ical mechanism, and the term of photoelectrochemical
etching is more appropriate than that of photoetching.
In a simplified picture [10], photoelectrons reaching the
surface will result in hydrogen evolution (decomposition
of the electrolyte) according to the scheme

2e− + 2H+ → H2 ↑ .

On the other hand, holes reaching the surface cause silicon
dissolution via

2h+ + Si + 6HF→ SiF2−
6 + 4H+ + H2 ↑ .
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According to the commonly accepted ideas about silicon
dissolution in HF, it is also possible that a single hole
reaching the surface might result in dissolution of one sili-
con atom, since a hole is needed only for the first step, and
the next step may take place through electron injection in
the conduction band [66,67]:

h+ + Si + 6HF→ SiF2−
6 + e− + 4H+ + H2 ↑ .

In any case, silicon will be photoetched, at a rate corre-
sponding to one silicon atom for every one or two photo-
holes reaching the surface.
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