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Abstract. We performed two-dimensional angular correlation of the electron–positron annihil-
ation radiation (2D-ACAR) and positron lifetime measurements on a porous Si sample. From the
width of the narrow 2D-ACAR component, attributed to the positronium atom, we estimated the
average size of the pores to be ∼2.4 nm and did not find evidence of a preferential propagation
of the pores. Moreover, by comparing the 2D-ACAR spectrum with that observed for a pure Si
crystal, we isolated a further isotropic component attributable to crystal defects of unknown origin.

1. Introduction

The strong-photoluminescence (PL) properties of porous silicon (PS), produced by electro-
etching crystalline Si in hydrofluoric acid (HF) solution, have been the subjects of extensive
studies in the last decade. Bulk crystalline Si (c-Si) has a relatively small energy gap
(1.1 eV at room temperature, corresponding to near-infrared light) which allows visible
light absorption via electron–hole production. However, due to momentum conservation,
the process of light emission via electron–hole recombination needs to be phonon assisted,
competing unfavourably with non-radiative decays. Conversely, the absorption edge of PS is
shifted toward the blue [1, 2] and its radiative recombination properties are ∼105 times more
efficient. The most widely accepted explanation for such properties is based on quantum-size
effects: the nanowires which result from the etching process, of typical size q, increase the
energy gap which determines the absorption threshold by an amount �E of the order of

�E = h̄2

2m∗

(
2π

q

)2

(1)

where h̄ is Planck’s constant and m∗ is the effective mass of the carrier (electron or hole).
Moreover, although the underlying mechanism is not entirely understood, it is generally
accepted that the efficient radiative recombination and consequent PL of PS is due to a
relaxation of the k-selection rules through the Heisenberg uncertainty principle. The PL light
undergoes then a reduced absorption due to the increase of the energy gap. However, other
models, ascribing the PL process to surface passivation, radiative surface states or molecular
electronics, based on the fluorescence properties of Si–O–H compounds derived from siloxene
(Si6O3H6), are currently under discussion [3–5]. To understand the underlying mechanism
which determines the PL properties of PS, of interest in view of the use in optoelectronic
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devices, investigations of the microscopic structure by transmission electron microscopy
(TEM), scanning tunnelling microscopy, Auger spectroscopy, Raman spectroscopy, small-
angle x-ray or neutron scattering (SAXS, SANS) and positron annihilation spectroscopy
(PAS) were utilized. A serious problem with the traditional TEM sample preparation is the
potential damage to the fragile PS structure. On the other hand, PAS is non-destructive and
particularly suited to the study of bulk or surface defects linked to the pores. Experiments
based on positron lifetime measurements [6] confirmed the sensitivity of PAS to the pores,
monitoring the formation of positronium (Ps†), but did not produce quantitative results on the
PS topology [7–10].

Previous 2D-ACAR studies yielded a radially averaged estimate of the porous structures
[11, 12] but did not exploit the full power of the 2D-ACAR experiment, which is suitable
for studying the anisotropic properties of the electron–positron momentum density. Indeed,
a 2D-ACAR experiment, by measuring the distribution N(θx, θy) of the angles of deviation
from anticollinearity of the annihilation γ -rays, determines a two-dimensional projection,
ρ

2γ
2D(px, py), of the two-photon electron–positron momentum density, ρ2γ (p):

N(θx, θy) = constant × ρ
2γ
2D(px, py) = constant ×

∫ ∞

−∞
ρ2γ (p) dpz. (2)

In the independent-particle model (IPM), ρ2γ (p) can be expressed in atomic units as

ρ2γ (p) = constant ×
occ∑
n,k

∣∣∣∣
∫

exp(−ip · r)ψn
k (r)φ(r) dr

∣∣∣∣
2

. (3)

Here ψn
k and φ denote the k-electron and positron wave functions, respectively, and the

summation extends over all occupied k-electron states from bands of index n [13–15].
Although this experiment was mainly used for electronic structure studies on perfect crystalline
metals and semiconductors, it was established that a careful analysis of ρ2γ (p) could yield
relevant information on vacancy-like defects in semiconductors [16]. Moreover, from the
width of the momentum density of the centre of mass of the Ps atom, observed to form in
voids in metals and semiconductors, one can obtain, via the uncertainty principle, quantitative
information on the sizes of extended open-volume defects [17].

In this paper we perform a full two-dimensional analysis of the 2D-ACAR data and
complement the results with positron lifetime experiments. We separate out a narrow
distribution, attributable to the momentum density of the centre of mass of para-positronium,
from which we estimate the sizes of the porous structures. Moreover we isolate a broad isotropic
component attributable to defect structures not related to surface states. Possible explanations
of the natures of these defects and their implications for PL properties are discussed.

2. Experiment

The PS was obtained by electrochemical etching of a 1� cm, n-type-silicon Czochralski-zone
wafer with a current density 40 mA cm−2 under exposure to the light of a 250 W Hg lamp [2].
The current direction was normal to the wafer plane and parallel to the [100] crystal axis. The
etching solution was prepared by adding a 30% volume of isopropyl alcohol to a 70% volume of
an HF aqueous solution (50% by weight). The current density and etching time were adjusted
to obtain ∼50 µm thick layers of ∼45% porosity. A gravimetric method was used for the
porosity measurements and a step profiler for the thickness determination. After production,
PS samples were rinsed in pentane (low vapour pressure) to avoid superficial cracks and then

† Please note the difference between the acronyms Ps (positronium) and PS (porous silicon).
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cut to obtain 1 cm2 areas. The PL measurements were carried out using as the excitation source
the 442 nm line of a HeCd laser. The power incident on the sample was always 1 mW cm−2.
A monochromator blazed at 500 nm and a charge-coupled-device detector were used to collect
the PL spectra.

Figure 1 shows the typical PL spectrum for the PS sample as produced and after immersion
in a bath of 10% HF solution. It can be noted that the centroid of the PL peak was shifted to a
slightly higher energy by the immersion in the HF bath. According to the quantum confinement
model, this shift should be due to the thinning of the nanowires caused by the partial removal
of the superficial oxide layer.
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Figure 1. PL spectra produced by the PS as produced and after 10 minutes in 10% HF solution.

The PS sample showed distinct x-ray diffraction spots in a Von Laue experiment. As the
thickness of the porous layer (∼50 µm) was of the same order as the average penetration of
the x-ray beam in Si (∼100 µm), this finding suggests that the HF treatment did not produce
an amorphous phase in the porous layer [18]. Indeed, the diffraction pattern was identical and
as intense as that displayed by the 550 µm thick n-type c-Si which was used to produce the
porous Si sample (space group Fd3m).

The 2D-ACAR experiments were carried out on a system based on a pair of Anger
cameras [19]. Each detector comprised a 42 cm diameter, 1.25 cm thick Na(I) crystal
scintillator, optically coupled to a close-packed honeycomb array of 61 photomultipliers. An
11 m sample–detector distance provided a coincidence angular view of 37.4×37.4 mrad2 (one
milliradian is equivalent to 0.137 momentum au) in a 256 × 256 matrix. At this distance the
‘optical’ angular resolution was 0.57 mrad. The resolving coincidence time for the photon pair
selection was 60 ns. A 2 T water-cooled electromagnet was employed to focus the positrons,
emitted by a 1.85 × 109 Bq intense 22Na source, onto the sample. The estimated overall
experimental resolution, obtained by combining the optical resolution with the intrinsic sizes
of the positron source spot at the sample and the thermal motion of the positron (∼0.22 mrad
at 55 K and ∼0.54 mrad at 300 K), was (0.58, 0.95) mrad at 55 K and (0.8, 1.07) mrad at
300 K for the px- and py-directions, respectively. A tungsten collimator shielded the detectors
from the radiation not emitted directly from the sample. The PS and c-Si samples were
positioned on a microgoniometer, part of the sample holder, and oriented, via a preliminary
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Von Laue diffraction experiment, with the [011] crystal direction parallel to the main axis of
the spectrometer, which selects the average integration direction. The px- and py-directions of
the detector plane were parallel to the [100] and [011] crystal axes, respectively. Whereas the
spectrum for the c-Si contained ∼2 × 108 raw coincidence counts, several acquisitions under
different conditions were carried out for the porous Si, amounting to an overall ∼2.5×108 raw
coincidence counts. The measurements were carried out at room temperature and at ∼55 K,
in a vacuum of ∼10−6 mbar. The ‘raw’ spectra were subsequently corrected with the so-called
momentum-sampling function, which removes the distortions resulting from spatial variations
in the single-detector efficiencies and the finite apertures of those detectors [19].

Positron lifetime experiments were performed with a fast–fast lifetime set-up with barium
fluoride (BaF2) scintillators having a time resolution of 185 ps. The 22Na positron source
(3.5 × 105 Bq) was deposited between two 7.5 µm thick Kapton foils and sandwiched with a
pair of samples. The system was thermostated within 1 ◦C. The spectra, amounting to ∼5×106

coincidence counts, were analysed by means of the PATFIT program [20] as sums of three
exponential decays, after background and source subtraction. The lifetime measurements were
performed at room temperature for the following thermal and pressure configurations:

(i) at atmospheric pressure;
(ii) at atmospheric pressure after immersion in a bath of 10% HF solution;

(iii) in a vacuum of 10−4 mbar after a three-hour-long thermal annealing at 800 ◦C at a pressure
of 5 × 10−5 mbar.

3. Results and discussion

The results of the lifetime experiments, after subtraction of the contribution from the source,
are reported in table 1.

Table 1. Results of the lifetime experiments for the conditions listed as points (i), (ii) and (iii) of
section 2. The τb-value is obtained neglecting the third lifetime component..

Condition τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ps) I3 (%) τb (ps)

(i) 193 ± 2 66.1 ± 1 395 ± 6 32.4 ± 1 2847 ± 40 1.6 ± 0.1 234.5 ± 0.5
(ii) 190 ± 2 72.8 ± 1 361 ± 3 26.3 ± 1 2540 ± 40 0.9 ± 0.1 219.0 ± 0.3
(iii) 179 ± 1 74.4 ± 1 397 ± 6 24.7 ± 1 1700 ± 70 0.9 ± 0.1 210.0 ± 0.5

In all cases a satisfactory fit was attained by a decomposition into three components
(reduced χ2 ∼ 1). It can be noted that the results of the decomposition analysis are almost
independent of treatments (ii) and (iii), aimed at removing eventual surface positron traps,
particularly the SiO2 surface layer. This finding indicates that neither of the two short-
lifetime components is related to the surface state. On the other hand, table 1 shows that
the application of the simple two-state trapping model (neglecting the third component of very
low intensity) [6] yields a bulk positron lifetime τb rather close to what is expected for c-Si (215–
220 ps). This result, together with the preliminary Von Laue experiment mentioned in section 2,
suggests that a relevant fraction fb of the positrons annihilate in the columnar structures and in
the substrate from the delocalized (bulk) state. The standard trapping model yields fb ∼ 0.85.
Indeed, τ1 is probably a combination of τb, for annihilations in the defect-free substrate, and
a short lifetime due to annihilations from a delocalized state in the porous layer plus escape
in the columnar defects. However, a decomposition into four exponential decays (after source
subtraction) did not significantly improve the reduced χ2 and the results of the fit were quite
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erratic. The third-component value is typical for annihilation of ortho-positronium via ‘pick-
off’, although it is smaller than those reported from other lifetime experiments on porous
Si [7–9]. Figure 2 shows the central part of the 2D-ACAR spectrum of PS at 55 K compared
to the spectrum of c-Si, normalized to the same number of counts, at the same temperature.
The anisotropic structures of the two spectra (for p � 2 mrad) are almost identical and are
consistent with previous experiments on c-Si and c-Ge for the same projections [19,21,22]. The
main features of the momentum distribution of c-Si were described with reasonable accuracy
by Chiba and Akahane [21] within the framework of the linear combination of atomic orbitals
(LCAO) formalism. The basis chosen was s and p orbitals of two ions in the unit cell forming
covalent bonding.
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Figure 2. The central part of the 2D-ACAR spectrum of PS (upper part) compared to that of a sample
of c-Si with the same features of the substrate as the PS sample. In the greyscale, dark shading
corresponds to low intensity and light shading corresponds to high intensity. (One milliradian is
equivalent to 0.137 momentum au.)

Moreover, the upper part of figure 2 shows a nearly isotropic narrow peak at θ = 0
(of width �2 mrad) superimposed onto the broad distribution ascribed to annihilation with
electrons in c-Si. Figure 3 shows a cut of the central slices along the [100] direction of the
2D-ACAR spectra of PS and c-Si. Measurements at room temperature did not indicate any
noticeable change in the shape of the narrow component. As the total volume of the narrow
component was less than 1% of the total volume, one could try to extract it from the total
distribution by subtracting the c-Si spectrum from the PS spectrum after normalization to the
same number of counts. However, the resulting difference was highly anisotropic, indicating
that such a subtraction contained a contribution from the bulk. Therefore, it was decided to
subtract the fraction of the c-Si spectrum which minimized the anisotropy of the difference
spectrum (for p � 1.5 mrad). The anisotropy A(px, py) considered is defined as

A(px, py) = ρ
2γ
2D(px, py)− ρ

2γ
2D(

√
p2
x + p2

y)

where ρ2γ
2D(px, py) is the experimental spectrum and ρ2γ

2D(
√

[p2
x + p2

y]) represents its angular
average [15]. A 62% fraction of the c-Si spectrum yielded the most isotropic difference
spectrum, denoted as PS-diff, shown in figure 4. It is difficult to estimate the ratio of the
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Figure 3. A central slice along the [100] crystal direction of the 2D-ACAR spectra of PS and c-Si.
The 2D spectra were normalized to the same number of counts.

Figure 4. The difference between the 2D-ACAR spectra of PS and 62% of c-Si.

bulk annihilations in the porous layer to those in the Si substrate. According to the empirical
expression given in reference [23] for a homogeneous material, the fraction of positrons emitted
by a 22Na source stopping within the Si porous layer (having an average density of ∼45% of
c-Si) amounts to ∼22%. This would imply that none of the positrons annihilating in the PS
layer should contribute to the c-Si part of the spectrum. However, due to the complicated
topology of the interconnected pores, equivalent to a multilayered structure, this fraction is
probably much higher. Indeed, in the work of reference [11] a PS layer only 0.2 µm thick
contributed significantly to the total 2D-ACAR spectrum, showing clearly a narrow component
similar to that of figure 3. Interestingly, one could fit the PS-diff spectrum (having 2562 degrees
of freedom) with three two-dimensional Gaussian functions, obtaining a satisfactory reduced
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chi squared, χ2/ν = 3.5. The value of χ2/ν, 30 times smaller than that for an analogous
fit to the total PS spectrum, indicates that the contribution from annihilations in the bulk was
removed from PS-diff, which can then uniquely be ascribed to annihilations in the pores and
in defect-like structures present in the nanowires.

The results of the fit are reported in table 2. Figure 5 shows a py-slice of the fitting
Gaussians and the corresponding slice of the difference spectrum. (The analogous px-slices
look almost identical to the py-slices.) The narrowest Gaussian component (G3 in table 2)
had the same width and intensity, which could be deduced directly from the experimental
spectrum (see figure 3). This component and the long lifetime τ3 indicate Ps formation in the
porous layer, whereas the two broader components (G1 and G2) and the lifetime τ2 suggest a
momentum and spatial distribution of electrons localized in defects somewhat related to the
columnar structures. As the difference spectrum represents ∼38% of the total PS spectrum, the
intensity of the narrow component turns out to be approximately 1/4 of the intensity of the third
intensity in the lifetime experiment (i) (performed right after the 2D-ACAR experiment) which
is fairly consistent with the ratio 3:1 of the statistical weight of ortho-positronium to that of the
para-positronium. Final clear-cut evidence of the presence of Ps in the 2D-ACAR spectrum is
given by a polarization experiment. It is well known that, owing to the positron helicity at the
emission, there is a preferential formation of a singlet (triplet) state of positronium if an external
magnetic field is parallel (antiparallel) to the positron spin, with an increase (decrease) of the
intensity of the narrow momentum distribution of the centre of mass of para-positronium (the
singlet state of Ps). A test for the presence of Ps consists then in taking the difference between
one spectrum collected when the magnetic field is parallel to the positron emission direction

Table 2. Parameter values of the three Gaussians fitting the PS-diff part of the 2D-ACAR spectrum
of porous Si.

Gaussian Intensity (%) FWHMpx (mrad) FWHMpy (mrad)

G1 71 ± 1 8.40 ± 0.03 8.42 ± 0.03
G2 28 ± 1 6.24 ± 0.02 6.38 ± 0.02
G3 1 ± 0.1 1.58 ± 0.01 1.68 ± 0.01
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Figure 5. A central slice along the py -direction of the PS-diff spectrum shown in figure 4 and the
fit with the three 2D Gaussians (continuous line) described in table 2.
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and a spectrum with the magnetic field reversed [24]. As the experimental resolution is not
altered by these different configurations, such a difference is suited to detecting small amounts
of Ps. A separate experiment on quartz, with a 1.95 T polarizing B-field, had detected a ∼20%
difference in the height of the para-Ps peak. Owing to the small intensity of the hypothetical
para-Ps peak, we analysed the spectra with the 1.95 T magnetic field B parallel (antiparallel)
to the positron emission in terms of the S-parameter, defined as the fractional area of a fixed
central part (here 3.5 mrad wide) to the total 1D momentum-density profile. The 1D profiles
were obtained by integrating the 2D-ACAR spectra over a central 1.75 mrad wide region. A
difference of eight times the statistical uncertainty between the corresponding S-parameters
(Spara = 0.4676 ± 0.0002, Santipara = 0.4660 ± 0.0003) indicated that the spectrum obtained
with B parallel to the positron emission was narrower than the spectrum obtained with B

antiparallel, indicating the presence of Ps. On the other hand, the absence of change in the
width of the narrow peak with the temperature indicates that positronium is formed in the
voids which characterize the porous layer. Therefore, we utilized the model which calculates
the momentum density of the centre of mass of a Ps atom confined in a spherical microvoid
developed in reference [25]. As the model was implemented for 1D-ACAR experiments, to
estimate the diameter of the void from a slice of the 2D-ACAR spectrum we reduced the
number of integrations of the 3D calculated momentum density to one. The equation

D0 (Å) = 34.04

θ1/2 (mrad)
(4)

provides the resulting numerical relation between the diameter of the hole in Å, D0, and the
full width at half-maximum (FWHM) of the 2D momentum distribution in mrad, θ1/2.

If one inserts in equation (4) the FWHMs of the narrow components shown in table 2 after
the deconvolution from the asymmetric experimental resolution (which, in the case of Gaussian
functions, consists simply of a subtraction in quadrature), one obtains D0 = 2.32 ± 0.05 nm
and D0 = 2.46 ± 0.05 nm for the px- and py-directions, respectively. Therefore, the sizes
of the hole in the two directions are almost identical. It was proposed that the pores have
preferential propagation along the [100] direction (parallel to px), here coinciding with the
current direction [26], or, elsewhere [4], that the porous structures be a random network more
similar to a sponge. Although our results seem to support the latter hypothesis, one should be
aware that a relevant deviation from the straight line in the geometry of the pores would cancel
the anisotropy in the width of the positronium peak.

Finally, we discuss the origin of the second lifetime component (τ2) and of the broad
Gaussian components in the PS-diff spectrum (G1 and G2 in table 2). Lifetime values similar
to or slightly longer than τ2 were observed in references [7–10]. The small variation of the
S-parameter in the polarization experiment and the rather large values of the FWHMs of G1

and G2 exclude the possibility that they are related to the momentum density of the centre of
mass of Ps. Therefore, they should be due to annihilations of free positrons trapped at defects
related to the columnar structures of the porous layers. A rough order-of-magnitude estimate
of their concentration Cd can be obtained via the simple trapping model equation [6]:

Cd = I2(1/τ1 − 1/τ2)

µs

(5)

where τ1, τ2, I2 and µs are the two lifetimes, the second lifetime intensity and the specific
positron trapping rate, respectively. Although there is a discrepancy of ∼20% between the
intensities for the annihilations in the trapped state obtained from the 2D-ACAR and the lifetime
analysis, the major uncertainty in the estimate arises from the knowledge of the specific positron
trapping rate, which depends on the nature of the trapping centres. Inserting in equation (5)
the value µs = 1015 s−1, typical of point defects in semiconductors [27], and the lifetimes and



Study of the structure of porous silicon 5969

intensities reported in table 1, one obtains defect concentrations spanning between 2 × 10−6

and 6 × 10−7. Several speculative suggestions as regards the natures of these traps, such as
that they may be vacancy-like or silicon:silicon dioxide interfaces, were made [7–9]. The
treatments reported as points (ii) and (iii) in section 2 were meant to alter the surface states to
some extent. As very little change in the value and intensity of τ2 was observed, we suggest
that such defects are not related to surface states.

As the presence of diffraction spots in the Von Laue experiment should not be regarded
as conclusive evidence of a crystalline phase throughout the porous layer, one could ascribe
G1, G2 and τ2 to amorphous islands (a-Si), already suggested as sources of PL [5], present in
the PS layer. The momentum density in a-Si was measured by He et al [17]. In their work
they report a FWHM of ∼9.6 mrad, which is significantly larger than the average width of
the present PS-diff distribution (FWHM = 7.7 mrad). Therefore, there are no experimental
grounds for this hypothesis. The possibility that PS-diff is due to an open-volume defect, such
as a divacancy, can also be ruled out on the basis of measurements of Tang et al [28], who
reported a FWHM of ∼9 mrad, i.e. ∼1.3 mrad larger than the average width of PS-diff.

It was recently suggested [29] that undulations in the diameter of the quantum wires could
produce localized states for electrons and positrons in the gap between the conduction band
and the valence band. The dominant PL channel should then be yielded by recombination
for transitions between these localized states. To date, a theory which estimates the positron
lifetime and the width of the electron–positron momentum distribution in these localized states
is lacking. The typical sizes of the undulations which yield transition energies consistent with
the experimental PL results span values between 15 and 40 Å. On the basis of the uncertainty
principle, whatever the result of the calculation, the width of the related electron–positron
momentum distribution should be smaller than the width of the spectrum ascribed to the
divacancy (FWHM ∼ 9 mrad) as measured by Tang et al [28], consistent with our current
results. It is tempting to ascribeG1 andG2 in the PS-diff spectrum and the τ2-lifetime (although
its value seems rather high for such a defect) to this topological trap, as it also provides an
explanation for the PL emission during the carrier decay within the localized state.

4. Conclusions

In this work we performed a two-dimensional analysis of 2D-ACAR spectra of a PS sample
and of its c-Si substrate. After the subtraction of the anisotropic part of the spectrum we were
able to isolate a narrow distribution (clearly visible also in the raw data), attributable to Ps
formation, and a broad one, which we attributed to defects inside the columnar structures.
From the analysis of the narrow distribution we estimated the average sizes of the pores in the
directions parallel and perpendicular to the sample layer but could not confirm a preferential
propagation of the pores. The broad distribution of the isotropic part of the spectrum might be
related to bulges in the quantum wires causing localization of the electron and positron states.
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