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Pulse Current Electrochemical Deposition of Silicon
for Porous Silicon Capping to Improve Hardness and Stability
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This paper presents a method to improve the stability of porous silicon structures by electrochemical deposition of silicon capping.
Porous silicon is formed by pulse electrochemical etching, followed by pulsed current electrochemical deposition, to provide a
uniform silicon capping layer on the porous structure. The capping layer thickness and hardness increase with deposition time. The
variation of strain in the porous structure is also observed with varying silicon capping layer thickness. Silicon capping of 4 �m
was sufficient to protect porous silicon from aging effects on their spontaneous emission, while a capping of 7.2 �m causes a
40 nm redshift on the spectrum.
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Porous silicon �PS� has been demonstrated to be a promising
material for visible light emission both by electroluminescence and
photoluminescence �PL�.1,2 Most of the investigations have been
primarily concerned with the optical properties of PS. However, for
device fabrication purposes, information concerning the mechanical
properties of PS is also required. The use of PS has several draw-
backs, determined by its brittleness and by the instability connected
to the aging process, i.e., the slow spontaneous oxidation of PS. Due
to the aging effect, the structural3 and optical properties4 of PS show
continuous change with the storage time. The growth of the native
oxide is completed after approximately 1 year.5 Various oxidation
approaches, such as chemical oxidation,6 anodic oxidation,7 conven-
tional furnace oxidation,8 rapid thermal oxidation,9 and aging
oxidation,10 were used to generate a more stable O-passivated sur-
face to replace the unstable H-passivated surface to eliminate the
aging problem. The high-temperature treatment necessary for the
formation of a high-quality silicon/SiO2 interface leads to a very
rapid oxidation rate, which may produce an unacceptably large ox-
ide thickness or even the full conversion of PS into a porous glass.11

However, PS has other disadvantages: mechanical instability due
to the high porosity and the difficulty of integration of the electro-
chemical etching needed to produce PS with the Si very large scale
integrated processing technology. A proposed solution to solve the
problem of the mechanical stability of the porous layer has been the
use of multilayered structures in which the high-porosity active
layer is sandwiched between two low-porosity supporting layers.
This structure shows also improved luminescence stability but a
lower intensity.12 Morales-Masis et al.13 have studied the relation
between porous layer thickness and its hardness. A slight decrement
in the Vickers hardness was observed with increasing porous layer
thickness. Recently, the experimental results of Fang et al.14 re-
vealed that thermal conductivity �TC� and the hardness of as-
prepared PS exhibited a strong dependence on the preparation con-
ditions, decreasing with increasing porosity. After oxidization at
different temperatures, the TC of oxidized PS decreases with in-
creasing oxidation temperatures, whereas the hardness increases sig-
nificantly. In this work we present a method to improve the stability
of PS structures by electrochemical deposition of a silicon capping
layer. The influence of the capping layer on the PS hardness and PL
stability are investigated.

Experimental

PS was formed by pulse current electrochemical etching of a
�100�-oriented n-type single-crystalline silicon wafer with a resistiv-
ity of �1 � cm in an electrolyte etching cell. As an electrolyte a
mixture of HF�49%�:ethanol�95%�, 1:4 by volume was used. The
mean peak current density was 50 mA/cm2, the pulse cycle was
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140 ms, and the pause time �Toff� was 40 ms for an effective time of
30 min. The etching process was explained in detail in our previous
work.15 This was followed by silicon pulsed current electrochemical
deposition to provide a uniform silicon capping layer on the porous
structure. The method is straightforward because since it does not
require any additional chemicals for the electrochemical deposition
process. Instead, we use the same etching electrolyte, but this time
in a cathodic regime; simply by reversing the current, therefore, the
sample will be a cathode and the platinum wire acts as an anode.
The cathodic time duration was 10, 15, and 20 min for samples �a�,
�b�, and �c�, respectively.

The microhardness measurements16 were performed with a Shi-
madzu Micro Hardness Tester HMV-2000 at ambient laboratory
conditions. Top and cross-sectional views of the samples were ob-
tained using a scanning electron microscope �SEM�. Raman and PL
spectra were measured using a 514.5 nm line of an Ar+ laser and
He–Cd laser at wavelength of 325 nm as an excitation source, re-
spectively.

Results and Discussion

Electrochemical deposition of silicon capping.— The electro-
lyte, according to the silicon anodizing reaction, is rich in H2SiF6.17

In the cathodic regime the reaction could be written as follows

H2SiF6 → 2h+ + SiF6
−2

SiF6
−2 → SiF4 + 2F−

SiF4 → Si+4 + 4F−

Si+4 + 4e → Si

Accordingly, a thin film of silicon was deposited on the porous
layer surface. The deposition rate depends strongly on the current
density, while the thickness depends on the deposition time. Differ-
ent thickness silicon capping was obtained by increasing the depo-
sition time. Figure 1 shows top-view and cross sectional images of
samples �a�, �b�, and �c�; the deposition time was 10, 15, and 20 min
and the thickness obtained was 1.6, 4, and 7.2 �m, respectively.

Vickers hardness measurements.— The Vickers test uses a
square-based pyramidal indenter with an apex of � = 136° causing
a diamond-shaped indent on the surface. The Vickers hardness num-
ber �HV� is determined based on the test load used when penetrating
a Vickers indenter on the sample surface and the indentation area
calculated from the indented diagonal length. This leads to the fol-
lowing expression for hardness18
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HV =
0.464F

d2 �1�

where d�mm� is the mean diagonal length of the diamond-shaped
indent and the load �F� is expressed in Newton �1 kgf = 9.8 N�. The
influence of the load on the HV value does not appear in this rela-
tion. Because the geometry of the indentation is independent of its
size, the hardness is, in principle, independent of the applied load. In
practice, however, there is load dependence, particularly for small
loads.19 This is generally attributed to the fact that dislocations and
grain boundaries occur only at limited local densities in very small
deformed volumes,20 and that the tip of any real indenter may not be
perfectly formed to comply with geometric assumptions at very
small scales.21

Figure 2 shows top-view SEM images of an indentation on a
capped PS sample surface using different loads from
0.245 to 1.96 N range. The distorted shape of the square is caused
by a slight inclination of the measured surface. The 0.245 N load
produces large variation of the indented diagonal length when mea-
surements were repeated. The 0.49 N load, however, produces a
more consistent value of diagonal length. Meanwhile 0.98 and
1.96 N loads produced cracks on the samples, hence producing large
errors. Therefore the 0.49 N load has been chosen as the load for all
hardness measurements.

Individual hardness values were calculated for the three samples
�samples �a�, �b�, and �c��, and a set of three indentations was mea-
sured for each sample using the same load. Both diagonals were
measured to take into account the eventual asymmetry of the inden-
tation. The indentation depth �D� for the Vickers test �d/7.22,23 To
avoid the influence of the underlying c-Si substrate, it is required
that D � t/10 �t: film thickness�.22 For an applied load of 0.49 N

Figure 1. Surface SEM images of capped porous samples �a�, �b�, and �c�
and their respective cross-sectional images a�, b�, and c� showing the silicon
cap thickness upon the PS layer.
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and a film thickness of 20 �m, the above criteria were satisfied for
all samples; note that our samples have a porous-layer thickness
more than 50 �m. However, for films or coatings �such as in this
work�, the measured apparent hardness is the result of contributions
by both substrate �the porous layer� and film or coating. Several
models exist,24-26 however to account for this composite behavior.
However, within this study, it is far from our mission to calculate the
hardness of the coated film independently; therefore, the hardness
results from our samples contributed by both the porous layer and
the coated film. The variation of hardness with coated layer thick-
ness is shown in Fig. 3. For comparison, hardness of c-Si�100� has
been added in Fig. 3 by a short, horizontal thick line at 11.5 GPa.
This value is consistent with Ref. 27 for an applied load of 0.49 N.

The calculated HV shows that an increase in hardness is notice-
able with increasing coated layer thickness, and the hardness of all
the coated samples is improved compared to the as-anodized PS
film. The hardness of as-anodized PS for an applied load of 0.49 N
was obtained as 1.2 GPa. This value is somewhat larger than the
value of 1.16 GPa by Fang et al.14 This could be due to some dif-
ferences in porosity between our samples and their samples. Sample
�a� does not show much change in its hardness value compared to
as-anodized PS. This could be due to a thin capping layer. Samples
�b� and �c� exhibit higher hardness values of 1.82 and 2.9 GPa for an
applied load 0.49 N, respectively. For the same porosity, sample �c�
has a hardness value two times higher than that of the as-anodized
PS sample.

Raman spectra.— In crystalline solids, Raman spectroscopy
measures the inelastic scattering of light which results from the

Figure 2. Indentation on a PS capped samples �a�, �b�, and �c� using loads of
0.245, 0.49, 0.98, and 1.96 N.
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changes in the polarizability of atoms, instead of molecule vibration.
Therefore, any effect which may change the lattice spacing and po-
larizability of crystalline solids, such as stress, temperature, and
crystal structure, will result in the changes in the Raman spectra.
The Raman peak in c-Si is peaked at 521.0 cm−1; it is symmetric
and has a full width at half maximum �fwhm� of 3 cm−1.28,29 Amor-
phous silicon gives rise to broad features at 140 and 480 cm−1.30

Polysilicon, or microcrystalline, gives rise to a broader band around
518 cm−1.31

Figure 4 gives the Raman spectra of PS samples �a�, �b�, and �c�
with silicon cap of thicknesses 1.6, 4, and 7.4 �m, respectively. Also
plotted is the spectrum from c-Si �solid thick curve�, with peak
intensity at 521 cm−1 and fwhm of 3.0 cm−1 �symmetric� and of the
PS �without capping� sample �solid thin curve�, peak intensity at
516 cm−1 and fwhm of 5.3 cm−1 �asymmetric� for comparison. The
Raman intensity from PS �without capping� is 10 times stronger than
that from c-Si. Intensity enhancement and redshift �5 cm−1� of the
Raman peak of PS �without capping� compared to that of c-Si is
believed due to optical phonon confinement in the PS sample.32,33

Meanwhile Yang et al.32 have shown that the lattice constant in PS
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Figure 3. HV as a function of silicon cap thickness for as-anodized PS with
applied load of 0.49 N. Typical value for c-Si is also shown as a horizontal
bar, indicating the hardness level.
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Figure 4. Raman spectra of capped PS samples �a�, �b�, and �c�. Also shown
are the spectra of an as-anodized uncapped PS sample and crystalline silicon
for comparison.
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increases with increasing porosity. This will inevitably create stress
�tensile� at the PS/Si interface. Manotas et al.34 have used micro-PL
and micro-Raman spectra to determine the stress in the PS. The
Raman spectroscopy works have shown that the peak frequency
shifts toward a lower wavenumber resulting from stress �tensile� in
the Si layer.35,36 This suggests that one would expect further redshift
of the Raman peak for a layer containing PS. As for sample �a�, the
peak intensity position is at 517 cm−1 and fwhm about 5.3 cm−1.
This could be due to a thin Si capping layer �1.6 �m� on the PS
which would cause a little strain relaxation at the PS/c-Si interface,
hence causing blueshift �1 cm−1� to the Raman spectra. This argu-
ment is supported by the fact that for sample �b� with 4 �m Si
capping, the peak intensity position is at 518 cm−1 and fwhm about
6 cm−1. The 2 cm−1 blueshift in sample �b� compared to that of PS
without capping suggests that the thicker Si capping is causing fur-
ther strain relaxation at the PS/c-Si interface and hence, the blueshift
in the Raman spectra. As the Si capping gets thicker �7.4 �m� in
sample �c�, the peak intensity position of Raman spectrum remains
at 518 cm−1, accompanied by a reduction in peak intensity 3 times
that of PS �without capping�. There could be two possible reasons
for this behavior. First, the Raman signal is contributed by the thick
Si capping �7.4 �m�, which is suspected to be more polycrystalline
or microcrystalline in nature, with peak intensity falling exactly at
518 cm−1.31 Second, the Raman signal is contributed by the PS
which has reached its optimum strain relaxation, showing no further
blueshift. The weaker Raman signal could be due to the fact that the
thick Si capping layer was reducing the laser source signal to the
porous structure, similarly blocking the Raman signal from the po-
rous structure to the detector. We did not observe a broad peak at
480 cm−1,30 indicating that there is no substantial contribution to the
Raman intensity from possible amorphous Si in the deposited cap-
ping layer.

Photoluminescence spectra.— The PL spectra of capped samples
�b�, �c� and uncapped PS, as prepared, aged in ambient air for
2 weeks and for 2 months, are presented in Fig. 5. The PL spectrum
of capped sample �a� is omitted because it is similar to the uncapped
PS sample. This is expected because the capping on sample �a� is
very thin and should have little significance on the spectrum.
Freshly prepared samples showed two main bands. Samples PS and
�b� have bands centered at 650 and 670–680 nm which originate
from the surface states related to Si–O bonds37 and Si–H bonds,38

respectively. In general, the spectra of all samples are broad. The
most widely accepted explanation for this very large width is that
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Figure 5. PL spectra of an as-anodized PS layer �a� and capped PS samples
�b� and �c�. The spectra were taken of an as-prepared sample, after 2 weeks
and after 2 months.
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the spectrum is “inhomogeneous,” i.e., corresponds to bandgap or
near-bandgap emission coming from nanocrystallites with a distri-
bution of sizes.39 For an uncapped PS sample after 2 weeks of ag-
ing, the intensity decreases by 20%. After 2 months of aging the
wavelength centered at 670–680 nm disappears due to the conver-
sion of Si–H bonds into O–Si–O bonds.40 However, the PL band
centered at 650 nm increases due to the enhancement of Si–O bonds
after aging. The slight wavelength blueshift is attributed to the oxi-
dation of the PS structure, which decreases Si crystalline size and
results in bandgap widening caused by the quantum confinement
effect.41 Note that the intensity of the PL changes nonmonotonically,
indicative of first a loss of passivation �hydrogen� followed by an
improvement in the passivation �oxygen�, as the quality of the native
oxide improves.42 As for sample �b�, no aging effects are noticeable,
meaning there is no change in PL spectral intensity and no transfor-
mation from Si–H to Si–O over a period of 2 months due to the
absence of oxidation. In addition, no shift of PL peaks is observable.
This indicates that the silicon capping layer �4 �m� can effectively
protect the PS surface from the degradation of PL intensity. For
sample �c�, the spectra after 2 weeks and after 2 months are similar,
with two-band features noticeable at 693 and 719 nm. This is a
rather interesting observation, to see a redshift of about 40 nm for
both peaks associated with Si–H and Si–O bonds compared to those
of PS �as-prepared, without capping�. One possible explanation for
the redshift is due to the strain �compressive� at the Si capping/PS
interface. The strain could be at its maximum value because the Si
capping is very thick �7.4 �m�. It is a known fact that the strain
causes the bandgap responsible for the spontaneous emission to re-
duce. This argument assumes that the contribution from the PS/c-Si
interface is minimal because the capping is very thick, and the fact
that PL laser wavelength is about 60% �325 nm� that of Raman’s.

Conclusions

The hardness of PS films on Si substrate and its variation with
capping thickness are reported for the first time. The improvement in
the hardness and other mechanical properties required for the fabri-
cation of practical silicon-based light emitters was achieved by elec-
trochemical deposition of a Si capping layer. The HV was 1.82 GPa
in PS capped with 4 �m Si layer thickness and 2.9 GPa in PS
capped with 7.2 �m Si layer thickness, compared to 1.2 GPa in PS
without capping, for an applied load of 0.49 N. Our results indicate
that the hardness of capped PS samples is enhanced without signifi-
cantly affecting the optical properties of PS. We have also observed
strain variation at the Si capping/PS and PS/c-Si interfaces with
varying Si capping thickness. Our results have shown the possibility
of fabricating porous materials with optimum mechanical, thermal,
electrical, and optical properties.

Universiti Sains Malaysia assisted in meeting the publication costs of this
article.
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