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Electrodeposition of Fe–Co alloys into nanoporousp-type
silicon: Influence of the electrolyte composition
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The cathodic deposition of iron–cobalt alloys inside the pores of anodically formed
nanoporous silicon (PS) fromp-type Si substrate is investigated with respect to the
electrolyte composition. The samples were characterized by scanning electron
microscopy, energy dispersive spectrometry, Auger electron spectroscopy, and Fourier
transform infrared spectroscopy. Results showed that the nucleation of pure cobalt
started at the bottom of the pores and the nucleation of pure iron occurred all over the
pore walls, leading to a preferential deposition on top surface of the porous layer.
Nevertheless, a low concentration of Co2+ ions (5 at.%) in the electrolyte drastically
improved the penetration of iron into the pores. As a result, a good filling of the pores
with Co metal as well as with Fe–Co alloys was achieved. It was also shown that the
deposition process oxidizes the structure mainly at the pore walls. The results of our
investigation indicate that the mechanisms occurring during the electrodeposition of
metals on porousp-type silicon substrates are completely different depending on the
kind of electrolyte used: pure iron-based electrolyte or cobalt-based solutions. A
complete understanding of the deposition process requires further analyses of the
carrier transport in PS and of the charge exchange at the Si/electrolyte and
PS/electrolyte interfaces. These new results involving the deposition of iron-group
materials into porousp-type silicon are useful for future silicon technologies.

I. INTRODUCTION

Recently, much effort has been devoted to the impreg-
nation of porous silicon (PS) with different materials.1

Dealing with the introduction of metals into the pores,2–14

special attention was paid to the realization of deep elec-
trical contact with the pore walls to improve the electro-
luminescence efficiency.4–6,8 The substitution of easily

broken Si–H bonds with solid metal–Si ones has also
been of concern to stabilize the luminescence properties
of this material.3–7 Nevertheless, another remarkable
property of PS that may open more future prospects to
silicon technology lies in that one can get a PS structure
with cylindrical pores parallel each other and perpen-
dicular to the surface. Indeed, the introduction of ferro-
magnetic iron-group metals in a such PS structure would
lead to new potential systems for magnetic memory,
storage disk, and microwave applications.2,10 For the
commonly used templates, i.e. track-etched polymer
membranes and porous alumina, the fabrication and
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properties of arrays of magnetic nanowires and multilay-
ers have aroused a considerable interest during the last
decade.15–17 When compared to the other nanoporous
materials, the pertinent advantages of PS are its very low
cost and compatible post-integration in a CMOS process,
which is a major requirement for commercial devices.2

Furthermore, the achievement of a suitable metallization
of PS with iron or other metals to fabricate buried con-
ductive and semiconductive silicide layers inside single-
crystal silicon always remains an open topic.3,4,9,11–14

The filling of porous silicon with different materials is
not an easy task. Electrochemical deposition constitutes
an attractive method to fill the pores in a controlled
way.1,4,6,8 However, scattered results were obtained re-
garding the in-depth profile concentration of the electro-
deposited metals. These differences can be assigned
either to changes in the pore shape or to a hydrogen
evolution side reaction, which both may lead to pore
blockage. It is believed, however, that the nature of the
metal and the type of silicon doping seem to be the more
determinant parameters. Indium has been successfully
introduced in the volume of the porousn-type silicon,8

while it has been deposited on top surface when porous
p-type silicon is used.7 A reverse situation has been re-
ported in the case of ZnSe.1

Iron deposition into PS layer formed onn-type Si has
been initiated by Ronkel and co-workers.4 Despite their
use of porous silicon with a spongelike shape and the
high rate of hydrogen evolution observed, a relatively
homogeneous pore filling has been achieved. More re-
cently, Renaux and co-workers have reported on electro-
deposition of iron into PS prepared withp-type Si wafers
(p-Si is preferentially used as substrate thann-Si in mi-
croelectronic devices).2 They concluded that iron nuclea-
tion occurs all over the pore walls, resulting in a quick
pinching of the pores.

Cobalt is another iron-group metal that was also de-
posited into porous silicon but by using the CVD tech-
nique.5,11 As this metal is more noble than iron, it is
expected that it will catalyze iron inside the pores of
porousp-type Si making up Fe–Co compounds.18 These
alloys have also a wide range of applications in magnetic
data recording storage and printing devices.18–21In other
respects, the interest for one of the more important sili-
cides for silicon technology,b–FeSi2, is now shifted to-
ward the ternary phases Fe1−xCoxSi2 that have better
semiconductor properties.22–24

This work reports on the impregnation of cylindrical-
like shape nanoporousp-type Si by electrodeposited Fe–
Co alloys, in comparison with their related pure metals.
It shows, in particular, that an incorporation of just a
small amount of cobalt sulfate in iron sulfate-based elec-
trolyte can successfully improve the penetration of iron
into the pores. The structure of the porous silicon layer
and its impregnation with the electrodeposit were

examined by scanning electron microscopy (SEM). The
average composition of the deposit was determined by
energy dispersive spectrometry (EDS). The distribution
of the different elements in the porous layer was studied
by Auger electron spectroscopy (AES). Some chemical
bonds present in the samples were identified by Fourier
transform infrared spectroscopy (FTIR).

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

Our experiments were carried out through an O-ring-
sealed window (about 0.5 cm2 area) of an electrochemi-
cal single cell. The back side of the substrate was pressed
against a silver electrode for electrical contact, whereas
its front side was exposed to the electrolyte. A pure Pt
counter-electrode was immersed in the electrolyte to sup-
ply electrical current toward the sample by means of a
programmable Keithley model 224 current source.

The starting (100)-oriented silicon wafers are B-doped
(p-type) with a resistivity of 15–25V cm. Prior to the
PS formation, a heavily B-doped (p+) layer of typically
1019 cm−3 in carrier concentration and 0.5mm in depth
was formed on both sides of the wafers. Such a doping
is necessary, both to ensure good ohmic contact and
to produce cylindrical nanoscale pores at the front
side, which is a requirement for a complete filling of
the pores.1 The p+ layer has been obtained by implanta-
tion of the wafers with 110-keV B+ ions at a dose of
1 × 1016 at/cm3 followed by an annealing at 950 °C dur-
ing 30 min. After implantation, the wafers were cleaned
following the IC standard procedure and cleaved to
1.2 × 1.2 cm2 samples.

The samples were first cleaned with 2-propanol, im-
mersed in 5% HF for a few seconds, rinsed with deion-
ized water, and dried by N2 to remove the native oxide
layer. They were then etched under galvanostatic condi-
tions in an electrolyte composed of 30 vol% hydrofluoric
acid (49 wt%) and 70 vol% ethanol (i.e., in 15% HF–
EtOH electrolyte) to form the porous layer. Two different
porosities of approximately 80% and 60% have been
obtained by applying a current density of 3 and 0.3 mA/cm2,
respectively. After the formation, PS samples were wet-
ted with ethanol and etched in 5% HF for a few seconds
to remove any oxide layer. Then they were rinsed with
deionized water and immersed again in ethanol to facili-
tate removal of any excess electrolyte by evacuation to
10−2–10−3 torr for 1 h. After that, the porous silicon is
exposed to the deposition bath for 10 min to ensure good
pore penetration by the aqueous electrolyte.

The filling of the porous silicon layer by iron and
cobalt was also performed at a constant current mode.
The polarity of the power source was then reversed, and
a current density of 500mA/cm−2 was supplied. Iron
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and cobalt were codeposited from an aqueous solution
prepared by dissolving iron sulfate (FeSO4 ? 7H2O) and
cobalt sulfate (CoSO4 ? 7H2O) in deionized water con-
taining boric acid with a concentration of 0.4 M. The sum
of Fe2+ and Co2+ ions concentration in this solution was
kept equal to 0.1 M, while the relative concentration of
both ions was changed in the range of 0–0.1 M. The pH
is always kept close to 3 by adding sulfuric acid in order
to avoid the formation of the hydroxides.

Both anodization of silicon and Fe–Co electrodeposi-
tion were performed at room temperature and without
agitation. They were also carried out in the dark to avoid
the oxidation of PS via the known reaction by injection
current multiplication.6,8

B. Sample characterization

The pores size and the thickness of the porous layer, as
well as the presence of the deposit in the pores, were
determined from the sample cross-section images ob-
tained by a DSM982 GEMINI scanning electron micro-
scope (SEM). The energy-dispersive spectroscopy (EDS)
analysis performed at 15 kV was used to determine the
average composition of the deposits. However, only
qualitative study of the pores filling can be made with
SEM. EDS is no longer a suitable technique to determine
the in-depth distribution of the metals because of its rela-
tively low spatial resolution. Therefore, in the case of our
0.3-mm-thick samples, the metal concentration profiles
in the porous layer were analyzed by Auger electron
spectroscopy (AES) in a PHI model 600 Multiprobe
from Perkin-Elmer. The Auger spectra were recorded
with a primary electron beam of 3 keV and 0.4mA inci-
dent at 45° angle. Depth profiling was carried out
using 2-keV Ar+ sputtering with a current density of
250mA cm−2. The Fe, Co, Si, O, and C concentrations
were measured using the peak-to-peak-height (APPH)
analysis of the Auger Fe LMM (600 eV), Co LMM
(777 eV), Si LVV (96 eV), O KLL (510 eV), and C KLL
(275 eV) electron peaks, respectively. The corresponding
relative sensitivity factors used are respectively 0.144,
0.300, 0.414, 0.338, and 0.165 at 3 keV.25 The chemical
composition of the internal surface of the as-formed and
metallized porous silicon was examined using Fourier
transform IR spectroscopy (FTIR) with a resolution of
4 cm−1. The FTIR analyses were achieved in air just after
the sample preparation.

III. RESULTS

A. Cyclic voltammetry study

Preliminary experiments were made to determine the
deposition potential of iron and cobalt. They consist
in sweeping the potential of the substrate (scan rate:
20 mV s−1) in contact with solutions containing different

amounts of the Fe2+ and Co2+ species. These experi-
ments were carried out with an EGG 270/250 potentio-
stat/galvanostat, and the potential was measured against
a standard Ag–AgCl reference electrode. The results
(curves are not reported here) show that the current den-
sity presents a single peak at a cathodic potential around
−0.85 V/Ag–AgCl, whatever the Fe2+ concentration
ranging between 0 and 1 M.

B. Electron scanning microscopy (SEM)

The starting substrate used for iron and cobalt depo-
sition is a freshly prepared porous silicon. Figure 1
shows a cross-section SEM image of (a) an as-prepared
PS and (b) a PS impregnated with Fe–Co alloy. In both
cases, the porous silicon was prepared by anodizing a
p+-type and (100)-oriented Si substrate in a 15% HF–
EtOH electrolyte at a current density of 0.3 mA cm−2.
Under these conditions, the PS layer thickness increases
at a rate of 15 nm min−1 and its structure presents a high
pore density [(5–7) × 102 mm−2]. As a result, a layer of
60% porosity is obtained. The pores are uniform in
length and formed straight perpendicularly to the surface.
They have however ink-bottle shapes, resulting from the
heterogeneity of the implantation near the surface. To
achieve a cylindrical pore structure and then to facilitate
the penetration of the deposit into the porous layer, the

FIG. 1. Cross-section SEM image of porousp-type silicon (60%
porosity): electrolytes, HF–ethanol (3:7); etching current density,
0.3 mA cm−2 for PS preparation; 0.075 M Fe2+ and 0.025 M Co2+;
cathodic current density, 500mA cm−2 for Fe–Co electrodeposition.
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pores are easily widened at the surface by a method
described in Ref. 2. Porous layers of approximately
0.3-mm thickness were electroplated with Fe–Co deposit
[Fig. 1(b)]. The deposit is obtained from an iron-rich so-
lution composed of 0.075 M Fe2+ plus 0.025 M Co2+

under cathodic polarization at a current density of
500mA/cm2 during 10 min. After the electrodeposition,

the PS layer becomes brighter all along its thickness.
This is a strong indication that the entire layer is impreg-
nated with the deposit, which will be confirmed in the
following by AES analysis (Sec. III.D).

C. Energy dispersive spectrometry (EDS)

The presence of both Fe and Co metals in the deposit
is revealed by energy dispersive spectroscopy (EDS)
analysis. A typical EDS spectrum recorded between 0
and 10 keV (Fig. 2) indicates that the samples contain, in
addition to silicon, iron, cobalt, oxygen, and a bit of
carbon. From the inset, it has been possible to estimate
quantitatively the average compositions of the deposits
obtained for three compositions of the electrolyte. The
iron composition in the deposits, defined as the ratio
between iron and the total (Fe + Co) content, is about 24,
44, and 61 at.% Fe for the electrolyte composition of 25,
50, and 75 mol% Fe2+3, respectively. From these values,
it appears that iron-poor deposits with respect to the bath
composition are formed. Curiously, the deficit of iron in
the Fe–Co deposit is increasing with the ferrous ion con-
centration of the solution. This point will be discussed
later, in view of additional results.

FIG. 2. X-ray energy-dispersive spectrometry analysis of a 0.3-mm
porous (60%)p-type silicon layer after Fe–Co deposition from elec-
trolytes with different Fe2+ and Co2+ concentrations.

FIG. 3. AES signatures at three different sputter times of silicon, iron,
cobalt, oxygen, and carbon in a 0.3-mm porous (60%)p-type silicon
layer after Fe–Co deposition from a 0.075 M Fe2+ and 0.025 M Co2+

electrolyte.

FIG. 4. Auger depth profiles of iron, cobalt, silicon, and oxygen per-
formed by ion etching in a 0.3-mm p-type porous layer electroplated by
(a) pure iron or (b) pure cobalt.
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D. Auger electron spectroscopy (AES)

The depth distribution of Fe and Co metals deposited
into PS was measured by the AES technique. Figure 3
shows the signature of the different elements present on
top surface layer (after 1 min in etching by ionic abra-
sion) and in the bulk of PS (after 10 and 20 min in etch-
ing). The relative concentration profiles determined upon
etching the whole layer are reported in Fig. 4, for
samples obtained from pure iron and cobalt solutions,
and in Fig. 5, for samples prepared from mixed solutions
with different concentration of Fe2+ and Co2+. It can be

seen in Fig. 4(a) that, from a solution containing just
Fe2+ ions, a considerable part of the electrodeposited
single Fe metal accumulates on top surface of the speci-
men rather than in the PS layer. This is concluded from the
obvious decrease in iron atomic concentration from
the top surface to the bottom of PS. Conversely, in the
case of pure cobalt [Fig. 4(b)], it shows that there is a
large concentration of cobalt at the bottom of the
nanoporous film. This Co signal covers the entire thick-
ness of the porous layer, but it decreases in intensity from
55 at.% at the bottom to 40 at.% near the top surface of
the PS layer. For the current density of 500mA cm−2

and the deposition time of 10 min used in the experiment,
the deposit also covers the surface of the sample.

Similar profiles as for pure Co are obtained for both
iron and cobalt with mixed solutions [Figs. 5(a)–5(c)].
This demonstrates the role played by cobalt in the depo-
sition of iron inside the porous layer and, therefore, in
pores filling by Fe–Co deposit This role seems crucial,
since a small amount (5 at.%) of cobalt ion in the solution
is enough to cause iron nucleation to start at the pore tips
[Fig. 5(a)]. This is indicated by the appearance of an
important iron peak (24 at.%) in the bulk of PS, which is
not observed in the case of pure iron [Fig. 4(a)]. How-
ever, for this low concentration of cobalt, the maximum
pore-filling rate (Fe + Co) is small (30 at.% only) in

FIG. 6. Plot of the iron concentration (in atomic percent) versus the
sputter time, obtained from AES depth profiling for three different
concentrations in weight percent in the electrolyte. Horizontal lines
correspond to the average iron concentrations measured by EDS analysis.

FIG. 5. Auger depth profile concentration of iron, cobalt, silicon, and
oxygen performed by ion etching in a 0.3-mm p-type porous layer
electroplated by Fe–Co alloys.
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comparison with that of pure cobalt (55 at.%) that nearly
matches up to the porosity of the layer (60%). Besides, it
is easy to see that, for all solutions, iron content is re-
duced with respect to Fe2+ concentration in the electro-
plating bath. In particular, at the maximum pore-filling
rate (after 20 min in etching), Fe composition (defined as
in EDS measurements with both Fe and Co contents
directly determined from AES profiles) is around 80 at.%
Fe for 95 mol% Fe2+ in Fig. 5(a), 55 at.% Fe for
75 mol% Fe2+ in Fig. 5(b), and 15 at.% Fe for 25 mol%
Fe2+ in Fig. 5(c). It is also easy to see that the growth of
iron-poor deposits occurs inside the pores. This feature is
clearly presented in the Fig. 6 (dashed line), where the
variation of Fe composition in Fe–Co deposit is plotted
versus the sputter time, for three different compositions
of the electroplating bath. Indeed, Fe–Co deposits grow
practically with a constant Fe composition, with two re-
gions being observed: the capping layer and inside the
pores. In the capping layer, Fe composition is at least
close to that of the electroplating bath. Inside the pores,
iron content is lowered with regard to its concentration in
the deposition bath.

From the Figs. 4 and 5, it can be also seen that the
samples prepared using our procedure contain oxygen
that is distributed all along the thickness of the layer. The
front surface of the sample is highly oxidized, resulting
from its exposure to air after deposition. The oxygen
signal is about 1–2 at.% in the capping layer and rises
quickly to a nearly flat low concentration level of
3–5 at.% throughout the PS layer thickness. The fact that
the oxygen signal is almost absent within the deposit
that covers the PS surface indicates that metal hydroxides
do not form during iron and/or cobalt electrodeposition.
Thus, the partial oxidation observed within the PS layer
of the samples is probably located at the pores wall.

E. Fourier transform infrared spectroscopy (FTIR)

EDS techniques characterize only atomic concentra-
tion of the elements, and AES was only used for this
work in that mode. To check if oxygen is really linked to
silicon and which step of the process is involved in the
oxidation, the samples were also characterized by Fourier
transform infrared spectroscopy (FTIR). FTIR analyses
were performed on freshly prepared samples, and the
different steps of the sample preparation were examined
(Figs. 7–9). For all spectra, the baseline has been manu-
ally corrected. For the as-formed PS, the analyses were
carried out on samples with a porous layer thickness
greater than 1mm. In the case of the metallized samples,
a porous layer thickness of 0.6mm was chosen to avoid
any modification of the electrodeposition process by
reaching thep+/p interface located approximately at a
depth of 0.8mm. For such samples, a porosity of 80%
was chosen to increase the internal surface of the layer
and then the IR signal arising from the porous layer.

Figure 7 shows FTIR spectra obtained for a PS (60%)
layer (approximately 1mm) formed by anodization at a
constant current density of 0.3 mA cm−2 for 80 min
(spectrum a) and for the same sample subjected to the
treatments (before the metal electroplating) described in
Sec. II.A [spectra (b) and (c)]. The as-formed nanopore
walls are covered with an important concentration of
hydrogen termination. Strong absorptions are observed in
the ranges 500–700, 880–930, and 2020–2180 cm−1. Ac-
cording to Table I, absorption peaks at 519 and 627 cm−1

are attributed to Si activated by F atoms and to the
stretching mode of Si–Si bonds, respectively. All other
major peaks can be associated with silicon atoms linked
to one, two, or three hydrogen atoms: the peak at

FIG. 7. Typical relative FTIR absorption spectra of porousp-type
silicon prepared in the dark: (a) as-formed; (b) after dip in ethanol and
then in 5% HF and rinsed in H2ODI; (c) after immersion in iron
and cobalt sulfates electrolyte for 20 min in the dark.

TABLE I. Description of the IR modes observed in a freshly prepared
porous silicon.

Frequency (cm−1) Mode description Ref.

517–519 TO, Si activated by F 26
625 Si–Si stretching 27–29
665 SiH wagging or bending 26, 29, 30
912 SiH2 scissor or bending 26–30

950–1250 Si–O–Si stretch 26–31
2086 SiH stretch 26, 27, 29, 30
2108 SiH2 stretch 26, 27, 29, 30
2138 SiH3 stretch 26
2337 ?
2358 ? 26
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665 cm−1 is due to the bending mode of the monohydride
Si–H, that at 912 cm−1 is due to the scissoring mode of
the dihydride Si–H2, and the triplet at 2086, 2108, and
2138 cm−1 is from stretching vibration modes of mono-
hydride, dihydride, and trihydride. On the contrary, there
is no significant peak between 950 and 1250 cm−1 that
should indicate the presence of Si–O bonds. In addition,
no shoulder to the triplet between 2150 and 2300 cm−1

corresponding to a partial oxidation of the hydride spe-
cies30,31is observed in our samples. Therefore, the inter-
nal surface of as-formed PS contains almost no oxygen.
This is consistent with AES depth profile data for as-
formed PS not shown previously.

Note however the presence in the spectrum of two
peaks at 2337 and 2358 cm−1. The peak at higher wave
number has already been reported in the literature but not
identified.26 These two neighboring peaks are apparently
due to the residual electrolyte remaining in the pores
after preparation, as suggested by the analysis of all
spectra studied here. As a first information about these
two peaks, their intensities decrease after the sample dip
in 5 at.% HF and a rinse in deionized water (spectrum b).
This indicates that the hydrophobic properties of the
sample are improved, implying that the as-formed PS
must contain, all the same, a small amount of oxygen
that is below the AES and FTIR detection limits. The
intensities of the same peaks increased after immer-
sion in iron and cobalt sulfates solution for 20 min (spec-
trum c),which indicates a penetration of the electrolyte in
the pores.

After immersion in the electroplating bath, three
small peaks (1020, 1060, 1157 cm−1) also appear in the
spectrum c (Fig. 7) around the Si–O peak. This weak
modification of the absorption observed in the 950–
1250-cm−1 range means that a slight amount of oxygen,
revealed by AES in metallized samples, is introduced at
this stage of the sample preparation. More precisely, this
stage consists of the immersion of the as-formed PS in
the electroplating bath under open-circuit conditions for
20 min prior to the deposition. In return, it is interesting
to notice that there is no significant change in the total
Si–H content after this preparation step, attesting that
silicon passivation with hydrogen termination is not
affected.

FTIR spectra of the metallized samples are quite dif-
ferent from that of the as-formed PS as can be seen in the
Fig. 8. The most striking feature of the electroplated PS
spectra b–d, when compared with the as-formed PS one
(spectrum a), is the large increase in intensity of the
absorbance in the 950–1250-cm−1 range, characteristic of
Si–O bonds. In addition, a new band is observed at
880 cm−1 that can be assigned to Si–O or Si–O–H. These
observations are consistent with the AES results and,
moreover, indicate that silicon in the porous layer has
been oxidized during the deposition process. This oxida-
tion occurs within the first 4 min of the deposition proc-
ess since, with increasing deposition time, one may
notice that there is no more significant change in the

FIG. 8. Typical relative FTIR absorption spectra of impregnated po-
rousp-type silicon with Fe–Co electrodeposit: (a) as-formed; PS elec-
troplated at 0.5mA cm−2 for (b) 4 min, (c) 6 min, and (d) 8 min.

FIG. 9. Typical relative FTIR absorption of the following: (a) as-
formed PS; (b) PS cathodically polarized at 0.5mA cm−2 for 8 min in
0.4 M H3BO3 electrolyte; (c) in 0.4 M H3BO3 + 0.1 M FeSO4 elec-
trolyte; (d) in 0.4 M H3BO3 + 0.025 M FeSO4 + 0.075 M CoSO4
electrolyte.
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Si–O spectral regions. It can also be seen that a part of
the triplet SiHx hydrides has been lost during the metal-
lization. But it is difficult to determine from the FTIR
spectra whether the broken Si–H bonds during the elec-
troplating are directly replaced by Si–O, Si–O–H, or
metal–Si ones. Therefore, the chemical mechanism lead-
ing to oxidation of silicon in PS during Fe–Co deposition
is still unclear.

However, the study of the influence of the electrolyte
composition on the FTIR response of the samples (see
Fig. 9) allows us to conclude that the oxidation of
samples is directly related to the presence of Fe2+ and
Co2+ species in the solution. Indeed, when PS is exposed
to an electrolyte containing only boric and sulfuric acids
(spectrum b), and the same current density (500mA/cm2

for 8 min) as that used for the deposition is applied,
FTIR analysis reveals that only the intensity of the so-
defined electrolyte peak situated around 2300 cm−1 is
considerably increased. In particular, there is no change
in the absorption of Si–O bonds with regard to as-formed
PS (spectrum a). This implies that, in the absence of
both Fe2+ and Co2+ ion in the solution, porous silicon
is cathodically protected from the ambient. On the
contrary, as already mentioned above (Fig. 8), PS is
oxidized in mixed Fe–Co sulfate solutions (spectra d in
Fig. 9). Curiously, the absorbance in the 950–1250-cm−1

range appears less important after pure iron deposition
(spectrum c).

IV. DISCUSSION

The electrodeposition of Fe and Co metals into porous
silicon was performed in the galvanostatic mode. Their
individual formation proceeds from charge transfer at the
substrate, according to the following reduction reaction:

Me2+ + 2e− → Me , (1)

which is always accompanied by hydrogen bubbles
evolution:

2H+ + 2e− → H2 . (2)

Prior to the deposition in galvanostatic mode, the elec-
trochemical behavior (current–potential characteristic) of
the substrate/electrolyte interface is studied for different
concentrations of the electroactive Fe2+ and Co2+ spe-
cies. We have observed that pure Co and pure Fe depos-
ited onto PS/Si substrate at practically the same cathodic
overpotential that is around −0.85 V/Ag–AgCl. An ap-
preciable variation between the reduction potentials of
these two metals was observed when they were deposited
directly on nonporous silicon. On polished silicon, cobalt
deposits first according to its redox potential, which is

more cathodic than that of iron. These two observations
will help the understanding of the fact that cobalt depos-
its preferentially to iron inside the pores. This aspect of
the work will be discussed in details in a forthcoming
paper. When there are both Fe+2 and Co2+ species in the
solution, we have seen that the nucleation on porous
substrate occurred at a unique overpotential, which is
also closer to that of pure iron and cobalt deposition.
Such a unique onset potential could be attributed to the
deposition of single Fe metal. In that case, iron would
inhibit the codeposition of Co, the more noble metal,
according to the anomalous codeposition of iron-group
alloys.18,32However, the observation of the nucleation at
only one cathodic potential is more likely associated with
the codeposition of Fe and Co metals through the reduc-
tion of Fe2+ to Fe and Co2+ to Co, as demonstrated from
our detailed analysis of the sample compositions by EDS
and AES techniques. Therefore, the deposition of Fe and
Co at the same potential (−0.85 V/Ag–AgCl) appears as
a characteristic of the electrodeposition of Fe–Co alloys.
In addition, the deposition potential of Fe–Co alloys does
not vary with the bath composition. This might be due
to the fact that, in our experiments, both the molarity and
the pH of the electrolyte were maintained constant. How-
ever, additional information by x-ray diffraction analysis
of the samples is necessary to check the structure of the
deposits.

As revealed by EDS measurements, iron-poor deposits
with respect to the bath composition were formed (com-
pare solid and horizontal lines to Fe2+ concentrations in
Fig. 6). This feature is quite astonishing for Fe–Co al-
loys. As mentioned above, it is well known that the elec-
trodeposition behavior of binary iron-group alloys
belongs to Brenner’s anomalous codeposition category,
in which the less noble metal (iron in our case) deposits
preferentially to the more noble metal.32 This behavior
is due to an inhibition effect of the less noble metal on
the codepositing more noble metal. It has been stated in the
literature that inhibition is due to partial surface blocking
by an intermediate adsorbed reaction of the less noble
species (Fe2+ in our case). This phenomenon is usually
accompanied by the formation of hydroxide ions,
MeOH+, which play an important role in anomalous co-
deposition.33 Apparently, this so-called anomalous
Co deposition of binary iron-group alloys seems not
completely appropriate to the case of Fe–Co systems, as
it has been reported in some earlier studies19,20 These
studies have demonstrated that it is possible to deposit
Fe–Co alloys with the same Co:Fe ratio of the solution.
However, our results do agree neither with the conclu-
sion of Refs. 19 and 20 nor with the anomalous code-
position phenomenon of iron-group systems.

AES measurements allowed us to understand this ap-
parent discrepancy between our results and those re-
ported in the literature. The major specificity of our
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experiments lies in the fact that the substrate consists
of a porous and semiconductor material. The deposition of
iron-poor Fe–Co alloys is probably due to the fact that,
inside the pores, the deposition of cobalt is promoted and
that of iron is practically prevented (Fig. 4). This result is
rather expected from semiconductor electrochemistry
than from the chemical standpoint (inhibition effect).
Indeed, it has been previously shown, from the AES
in-depth profile concentration, that the deposition of pure
iron is concentrated near the PS top surface [Fig. 4(a)].
Therefore, its nucleation might take place all over the
pore walls. Assuming this, most of the current flow from
the solution into the substrate could occur through the
silicon nanocrystallites. This suggests that porous silicon
skeleton impregnated with the pure iron-based electro-
lyte is always conductive.

Contrary to pure iron, the pores are filled with pure Co.
The behavior of the distribution of the Co atoms ob-
served in this work [Fig. 4(b)] was to our knowledge
never reported before in the case of electrodeposited met-
als into porous silicon. It is different from that obtained
for iron into porousn-type silicon4 and other metals,6,7,9

where the amount of metal, instead of a decrease, has
increased from the bottom to the top of the pores. The
existence of an important amount of the deposit at the pore
bottom has been, nevertheless, reported by Steiner for
indium deposited into porousn-type silicon.8 It has been
attributed to the fact that the nucleation started at the pore
bottom, assuming that, by analogy to porous silicon for-
mation, most of the nanoparticules are electrically insu-
lated from the bulk silicon. However, the decrease of
cobalt concentration from the bottom to the top surface
of PS indicates that the porous skeleton impregnated with
Co-based solutions becomes conductive beyond a certain
time of deposition.

Different models have been proposed to understand
the electrical transport properties of porous silicon.34–39

In many works, it is assumed that the carriers are trans-
ported by diffusion from the substrate to the PS. Accord-
ing to the conclusion of Bsiesy and co-workers,37 the free
charge carriers can flow through the porous skeleton if
their flux is not the limiting factor in the current conduc-
tion process. In the case of porous silicon impregnated
with an electrolyte, this is possible when the diffusion of
ions in the electrolyte, or the charge exchange rate at the
substrate/electrolyte interface, is the limiting factor.37

Assuming this, the behavior of the distribution of cobalt
in porous silicon can be interpreted as follows. At the
beginning of the deposition, the current should be rather
limited by the free charge carrier supplied by silicon at
the bottom of the porous silicon. The charge exchange
should then be principally concentrated at the pores bot-
tom, and then Co should nucleate there. However, as and
when the deposition proceeds, the reduction of Co2+ to
Co should lead to the decrease of the electrolyte

concentration inside the pores. Such a depletion of the
electroactive species concentrations inside the pores
should not only slow down the deposition process, but it
could cause it to occur preferentially on the top surface of
the porouslayer. Indeed, when the concentration of the
electrolyte is lower inside than outside the pores, the ion
diffusion in theelectrolyte becomes the limiting factor of
the current. The thickness of the porous layer (0.3mm)
being quite lower than that of the diffusion layer, ions
diffusing from the electrolyte are consumed by the elec-
trochemical reactions over a thin layer located on the top
of the porous structure.

To support our interpretation, we have performed an
experiment where the deposition of iron–cobalt is
stopped after 2.5, 5, and 7.5 min and the electrolyte in
the electrochemical cell was renewed after each stop.
Iron and cobalt concentration profiles corresponding to
such conditions are presented in Fig. 10. It can be seen
in comparison with the data from Fig. 5(c) that the
electrolyte renewal changes the behavior of both Fe
and Co distributions but only inside the pores. Indeed,
the composition of the capping layer remains uniform
and unchanged (32 at.% Fe). The main difference is
that a more homogeneous filling of the pores is achieved.
This implies that electrolyte renewal ensures the re-
covery of the solution concentration inside the pores.
Another obvious feature of Fig. 10 is that iron content
is increased inside the pores, from 19 at.% Fe in Fig. 5(c)
to 28 at.% Fe (greater than Fe2+ concentration in the
bath) in Fig. 10. This confirms that iron deposition
is more likely controlled by mass transport than that
of cobalt.

FIG. 10. Auger depth profiles of iron, cobalt, silicon, and oxygen
performed by ion etching in a 0.3-mm p-type porous layer electro-
plated by Fe–Co alloys with intermittent electrolyte renewal.
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On the whole, our results indicate that the transport
mechanisms in porousp-type silicon are completely dif-
ferent depending on the kind of electrolyte used to fill the
pores: pure iron-based electrolyte or cobalt-based solu-
tions. This probably comes to the fact that the cathodic
standard potentials of these two metals are different and
might be discussed in light of a detailed description of the
charge transport within PS band structure at PS/electrolyte
and Si/electrolyte interfaces. This requires further inves-
tigations on the band structure of porous silicon formed
from a p-type silicon substrate.

Some applications of metallized porous silicon net-
work, such as the synthesis of metal silicides, require
oxide-free systems. From the AES sputter depth profile it
has also been noticed that oxygen was present in our
samples up to a concentration of 5 at.%. FTIR analyses
allowed us to see that a considerable part of oxygen
content was localized at the pore walls, introduced dur-
ing the deposition process and intimately related to the pres-
ence of Fe2+ and Co2+ species in the solution. The presence
of silicon oxide between the electrodeposit and the pore
walls was not expected, since as-formed PS was found by
FTIR and AES analyses to be practically oxide-free and
is normally electrically protected even during cathodic
metal deposition. It has been moreover established, in the
literature, that a binary Si/metal system can be built with-
out oxidation of PS.6,40 In our samples, the oxidation
process of silicon may be associated either with the con-
finement by the deposit of oxygen present in the electro-
lyte that was not deaerated or possibly with electroless
deposition which occurred certainly at the beginning of
the deposition.4,6,41

V. SUMMARY AND CONCLUSION

This work demonstrates that it is possible to achieve
homogeneous filling of porousp-type silicon with elec-
trodeposited pure Co metal and Fe–Co alloys. The de-
termination by EDS of the average alloy composition
versus the related bath composition shows an unexpected
deficit in iron. This deficit instead of an excess in less
noble metal is explained by the fact that Co deposition is
electrically promoted into the pores as revealed by the
AES measurements. Auger study shows that pure Co
deposition starts at the pore bottom, while the nucleation
of pure Fe occurs all over the pore walls leading to a
preferential deposition on the top surface of the porous
layer. In the mixed solutions, the reaction rate of iron
inside the pore is catalyzed by cobalt and accounts for a
filling of the pores with Fe–Co alloys. Indeed, a small
amount (5 at.%) of cobalt in the solution is enough to
cause iron nucleation to start at the pore tips.

Furthermore, it is deduced from both AES and FTIR
studies that almost no trace of oxygen is found in the
as-formed PS and the pore walls are covered with

hydride species. On the other hand, the metal deposition
process oxidizes the structure, and the oxygen detected
by AES in metallized PS is localized mainly at the pore
walls as seen by FTIR measurements. The present ex-
perimental results suggest that, in contact with pure Co
electrolyte, the porous skeleton is electrically isolated
from the bulk silicon, at least at the beginning of the
deposition process. On the contrary, PS is always
conductive when contacted by pure Fe electrolyte. Hence
our study provides further experimental data to analyze
the mechanism responsible for the incorporation of met-
als into the pores. A complete understanding of the depo-
sition process requires, however, further knowledge
about the transport mechanisms in the porous silicon and
the band bending at Si/electrolyte and PS/electrolyte in-
terfaces. These new results involving the deposition of
iron-group materials into cylindrical nanoporousp-type
silicon might be useful for future silicon technologies.
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