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Abstract

Dilute HF solutions with concentrations down to 0.03% have been used to obtain luminescent porous silicon (PSi)
layers on p-type Si wafers. The experimental results show that with a constant etching time of 30 min, PSi layers
with sufficient luminescence efficiencies can be formed for HF concentrations as low as 0.1%. Because of a sig-
nificantly lowered critical current density, only very low etching current densities of £0.1 mA cm)2 can result in the
formation of luminescent PSi samples in 0.1% HF solutions. A notable result is that these low etching current
densities cannot be used to form luminescent PSi layers in concentrated ( ‡1%) HF solutions. The behavior of PL
intensity as a function of etching current density has been analyzed over a wide range of HF concentration. The PL
intensity is determined by the ratio of the etching current density to the critical current density, suggesting that the
presence of silicon oxides plays an important role in the formation of luminescent Si nanostructures in PSi layers.

1. Introduction

The observation of efficient, room-temperature visible
photoluminescence (PL) from porous silicon (PSi) by
Canham [1] has triggered a vast number of experimental
and theoretical studies on this novel optoelectronic
material [2, 3]. PSi layers are made by electrochemically
etching Si wafers in HF solutions [4, 5]. Since the basic
structure of highly luminescent PSi is a random network
of nanosize Si skeletons, quantum confinement of
carriers is suggested to play a vital role in the visible
PL of this material [6]. Evidence of deeply localized
states has also been observed experimentally in air-
exposed samples [7], and the effect of double-bonded
oxygen has been discussed [8]. PSi-based light emitting
diodes now exhibit efficiencies higher than 1% [9]. PSi is
also a promising material in a wide area of applications
including waveguides [10], dielectric mirrors/filters [11,
12], polarization optics components [13, 14], chemical/
biological sensors [15, 16], photoelectrochemical/photo-
voltaic devices [17, 18], field electron emitters [19], and
ultrasound devices [20].
In most cases, PSi layers are prepared by using

concentrated, 10–50% HF solutions. There are, how-
ever, application areas of PSi layers in which the use of
such concentrated HF solutions should be avoided.
These may include PSi-based educational tools [21],
because concentrated HF solutions are too toxic to be

used in classrooms. Nevertheless, only a few attempts to
date have been performed to obtain PSi layers with
dilute HF solutions (<10%) [22–24]. These previous
studies, however, aimed at investigating the formation
mechanism of PSi layers and not at producing lumines-
cent ones. In fact, no luminescence data were reported in
these papers.
In this study, we have investigated the PL properties

of the PSi layers prepared with various HF solutions of
a wide range (0.03–30%) of HF concentrations. The
results show, for the first time to our knowledge, that
sufficiently luminescent PSi layers can be obtained for
extremely low HF concentrations as low as 0.1%.
Because of lowered critical current densities, these dilute
HF solutions can produce PSi layers only with very low
anodization current densities. A noticeable finding is
that such low anodization current densities cannot be
used to form luminescent PSi layers in concentrated HF
solutions. The formation mechanism of luminescent
nanoporous layers is discussed based on the behavior of
the PL intensity as a function of HF concentration and
etching current density.

2. Experimental details

Single-crystal Si (100) wafers of p-type, 0.01–0.02 W cm
were anodically etched in aqueous HF solutions with
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HF concentrations in the range of 0.03–30%. These HF
solutions were prepared by mixing 55% HF with pure
water. Anodization was performed in the dark for a
fixed anodization time of 30 min. The etched samples
were then rinsed with ethanol and blown dry.
PL spectra were measured at room temperature under

the excitation by a laser diode at k = 410 nm
(ht = 3.02 eV). A fiber-optic spectrometer (Ocean
Optics USB2000) was used. The resolution of the
spectrometer was �4 nm. For each PSi sample, we took
five PL spectra on different spots on the sample surface.
Each PL spectrum shown below is the average of five
spectra obtained in this way. All the PL spectra shown
here are corrected for apparatus response.

3. Results and discussion

3.1. Critical current densities

Figure 1 summarizes the measurements of PL intensities
for various PSi samples prepared with different HF
solutions and etching current densities. In this figure, the
measured PL intensities are graded into five levels and
plotted with circles of different size. Crosses indicate PSi
samples suffered from partial or total electropolishing.
The experimental data show that luminescent PSi
samples with detectable PL intensities can be obtained
for HF concentrations in the range of 0.1–10%. At a
higher HF concentration of 30%, only low-porosity,
non-luminescent PSi layers were formed. For the HF
concentration of 0.03% we could not even find any PSi
layers on the etched surfaces by the naked eye.
For a fixed HF concentration, the PL intensity

increases monotonically with increasing etching current
density. This can be attributed to the fact that the
porosity of the PSi layer in general increases with

etching current density [25, 26]. However, too great an
increase in current density causes partial or total
dissolution of the layers due to electropolishing [4, 5].
This implies that the most highly luminescent, uniform
PSi layers should be formed at current densities just
below the onset of the electropolishing regime, which is
consistent with the results of Figure 1.
Several groups have measured the critical current

density between the PSi-formation and electropolishing
regimes as a function of HF concentration [22, 23], and
their results are also shown by dashed or dotted lines in
Figure 1. These data were obtained from the positions
of characteristic structures in the current–voltage curves
of Si electrodes in HF solutions. Zhang et al. [22] have
defined two critical current densities, one corresponding
to the maximum slope and the other to the first peak (J1)
of the current–voltage curve. These two critical current
densities define the transition regime in which partial
electropolishing occurs. Lehmann [23] has measured J1
for HF concentrations from 1 to 10% and derived a
formula

J1ðCHFÞ ¼ ACHF
1:5 ð1Þ

where CHF is the HF concentration of the solution and
A is a temperature-dependent coefficient. The dashed
line in Figure 1 shows the values for J1 extrapolated
based on Equation (1). As seen from Figure 1, the lower
critical current density reported by Zhang et al. seems to
describe best the onset of the electropolishing regime in
our experimental data.
The critical current density significantly decreases as

HF concentration is decreased. This is because the rate
of dissolution of Si oxides slows down at low HF
concentrations [22]. The low dissolution rate of Si oxides
reduces the possibility for Si to dissolve directly into the
solution, which is necessary for PSi layers to be formed.
Thus in order to form PSi layers at low HF concentra-
tions, anodic etching must be done at lower current
densities to control the formation of Si oxides. Accord-
ing to our result shown in Figure 1, PSi layers can
be formed only with those etching current densities
of £ 0.1 mA cm)2 in 0.1% HF. In concentrated solu-
tions (‡1%), no luminescent PSi layers can be formed
with these low etching current densities. This implies
that the use of dilute HF solutions has another
advantage: it enables us to form luminescent PSi layers
at very small rates to obtain very thin layers of
luminescent PSi with a better control of thickness.

3.2. PL spectra

Measured PL spectra of our PSi samples are shown in
Figures 2 and 3. In Figure 2, we show the spectra of the
most highly luminescent PSi samples for respective HF
concentrations. Significant interference fringes were
observed in samples made with 3 and 10% HF solu-
tions. Figure 3 shows the PL spectra of PSi samples
prepared with 0.1% HF. All of these spectra exhibit the
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broad and Gaussian lineshape, suggesting that these
emissions originate from the same mechanism. As
shown in Figure 2, the most highly luminescent samples
exhibit similar PL intensities except for the one made
with 0.1% HF. The low PL intensity observed in the
sample etched in 0.1% HF is presumably due to its
insufficient thickness, since an estimation based on the
charge density passed during the electrochemical etching
yields a thickness of the order of 100 nm. The PL
intensity of this sample, nevertheless, is such that its
orange emission can be seen clearly under ambient light
with an excitation power of �1 mW over a 1 mm2 spot.

3.3. Emission intensity

The behavior of PL intensity as a function of etching
current density is shown in Figure 4 for different HF
concentrations. The PL intensity (I) increases superlin-
early with increasing etching current density (J), which is
consistent with other reports [27, 28]. Our experimental
results further show that this behavior can be described
by a power law

IðJÞ ¼ I0
J

J0ðCHFÞ

� �cðCHFÞ
ð2Þ

over a wide range of HF concentration. Here I0
represents the PL intensity when J = J0. Thus if we
assign I0 the PL intensity of the most highly luminescent
sample at some HF concentration, J0 should give the
critical current density at that HF concentration. This is
because the highest PL intensity is observed in a PSi
sample etched at a current density very close to the
critical current density, as shown in Figure 1. Since the
PL intensities of these highly luminescent PSi samples
are similar for HF concentrations in the range of
0.3–10%, as shown in Figures 2 and 4, we assume I0 to
be independent of CHF and take the average PL intensity
value of 128 (in our units) for this constant. Then, the
best fits of Equation (2), shown by the dotted lines in
Figure 4, give J0 values as shown by the solid line in
Figure 1. In these fitting calculations, we did not use the
PL intensities of PSi samples prepared at current
densities equal to or less than 0.1 mA cm)2, because of
their insufficient thickness. The J0 values obtained by
these fitting calculations coincide well with the current
densities at which the most highly luminescent samples
are formed, and are close to the lower critical current
densities reported by Zhang et al. [22]. These J0 values
can be fitted by a power law of J0/ CHF

1.34. The exponent
c in Equation (2), also obtained by the fitting calcula-
tions, are shown in Figure 5 as a function of CHF. These
values for c seem to make another power dependence of
c(CHF) = 2.57 CHF

0.32 as shown by the solid line.
In Equation (2), the effect of etching current density

on the PL intensity only appears through the ratio J/J0.
This implies that the formation of luminescent Si
nanostructures is not governed solely by the electronic
processes that depend on the absolute current density J,
such as field-induced processes [26] or carrier diffusion
[29]. Instead, Equation (2) suggests that the relative rates
of two competing dissolution mechanisms are impor-
tant: tetravalent dissolution via the formation of silicon
oxides and divalent direct dissolution. The rate of the
former reaction increases rapidly as J approaches J0
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[23], and this behavior seems to correspond to that of
the PL intensity as shown in Figure 4. Thus it can be
concluded that the formation of silicon oxides plays a
major role in producing luminescent Si nanostructures
in PSi layers. This hypothesis is supported further by the
experimental results of Propst et al. [30]. They used non-
oxidative, anhydrous HF solutions to obtain PSi layers.
Their microscopic analyses found no detectable amount
of Si nanostructures in the PSi layers. An oxide layer
formed at a pore tip can hinder the stable growth of the
pore, enabling etching reactions to occur at its side wall
[22]. This will reduce the interpore spacing or cause a
random propagation of pores, either of which may lead
to the formation of nanostructures. There is, however,
some variation in c as a function of CHF as shown in
Figure 5. This indicates that the contribution by the
electric field or carrier diffusion is not negligible.

3.4. Emission photon energy

The emission photon energies of PSi samples are plotted
in Figure 6 for respective HF concentrations as a
function of etching current density. The emission energy
shows anomalous behavior with increasing etching
current density: it shows a large redshift for 3 or 10%
HF while an apparent blueshift is recognized for 0.1 or

0.3% HF. Neither of the redshifts turn to a blueshift
even though data from partially electropolished samples
prepared at much higher etching current densities are
included. In many cases the emission from PSi shows a
blueshift with increasing etching current density [31].
This is consistent with the quantum confinement
hypothesis, because the porosity in general increases
with increasing current density [25, 26]. For n+-Si a
large decrease in porosity is reported [32]. However, to
our knowledge there is no published data demonstrating
any decrease in porosity with increasing etching current
density for p-type Si wafers. Detailed microscopic
analyses need to be carried out before we further discuss
the origin of the large redshift. What we should note
here is that our experimental data in Figure 6 show
another advantage of using dilute HF solutions for the
preparation of luminescent PSi samples: it can efficiently
produce luminescent samples emitting at higher photon
energies than concentrated HF solutions do.

4. Conclusion

We have shown that luminescent PSi layers can be
formed by anodic etching in HF solutions with HF
concentrations as low as 0.1%. This result may facilitate
the use of PSi layers for educational purposes. Because of
a remarkably lowered critical current density, only those
etching current densities equal to or less than
0.1 mA cm)2 successfully resulted in the formation of
efficiently luminescent PSi layers in 0.1% HF. These
extremely low current densities never result in the
formation of luminescent PSi layers in concentrated
(‡1%) HF solutions. This suggests another advantage of
using dilute HF solutions, i.e., it can produce very thin
layers of luminescent PSi layers with a better control of
thickness. Analyses of the PL intensity as a function of
etching current density have revealed that the PL
intensity depends on the ratio of the etching current
density to the critical current density. This implies that
the formation of silicon oxides plays an important role in
producing luminescent Si nanostructures.
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