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Calcium phosphate (CaP) on porous silicon (PSi) has been proposed to generate composite
bioceramics for osseous tissue regeneration. Usually, CaPs prepared by biomimetic and
electrochemical methods stem from a single aqueous solution. We propose herein a diversified method
that consists on independent calcium (Ca) and phosphate (P) electrodeposition cycles. In this way, the
PSi layer is sequentially immersed in the Ca-P solutions, and the electrical current reversed in
accordance, allowing both species to react on the porous matrix during a given number of cycles. The
main advantage of our proposed method is that the individual variables of each step can be controlled
and studied independently. That means that the main electrodeposition parameters such as pH, current
density and reaction time can be adjusted independently for Ca and P solutions. The characterization
by SEM, FTIR, XRD and EDX demonstrates that, for selected conditions, our proposed method allows
depositing a hydroxyapatite layer on PSi.

Keywords: porous silicon, calcium phosphate, hydroxyapatite, cyclic electrodeposition

1. INTRODUCTION

Porous silicon (PSi), which consists of silicon nanocrystals embedded in a porous amorphous
matrix, is an excellent biomaterial given its biocompatibility, biodegradability and bioresorbability. It
has been successfully used in drug delivery, biosensing, and tissue engineering applications [1-3]. As
an electroactive porous material, PSi can be used as a matrix for the deposition of a wide range of
different materials like metals and conducting polymers following electrochemical processes [4-7].
Since hydroxyapatite (Cajo(PO4)s(OH),, HAP) and derived substituted compounds constitute the
inorganic part of natural bone [8], calcium phosphate (CaP) coatings on PSi have been proposed as
cellular scaffolds for osseous tissue regeneration [9-12]. There are different techniques to produce CaP
coatings [13-16] including plasma spraying, sputtering, laser ablation, sol-gel processes,
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electrodepostion or biomimmetic growth. However, only sol-gel processes, electrodepostion and
biomimmetic growth have been reported for the deposition of CaP on PSi [11, 12, 17]. Usually,
electrochemical methods utilize simulated body fluids (SBF) or CaP aqueous solutions under a
cathodic current [8, 12, 14, 17-19].

Since CaP is an ionic compound, in this work we propose an alternative electrochemical
process that consists on synthesizing CaP by deposition of Ca and P on subsequent cycles. Although
the final structural state of the materials differs notably, the principle behind this process is similar to
that of electrochemical atomic layer epitaxy (ECALE), a technique used to produce semiconductor
deposits under ambient pressure and temperature [20]. In this way, the PSi layer is alternately
immersed in Ca and P solutions, and the applied electrodeposition current reversed in accordance,
allowing both species to react on the porous matrix between cycles. The main advantage of this
method is that the individual variables of each step such as pH, current density and reaction time, can
be controlled and studied independently [20-22]. In that sense, the objective of this work is to describe
and to explain the CaP synthesis on PSi by a cyclic method, as well as to show that by controlling the
individual variables of each step, in Ca and P solutions, it is possible to direct the synthesis towards
specific CaP phases.

2. EXPERIMENTAL

2.1. Sample preparation

PSi was fabricated by electrochemical etching p* type silicon (boron-doped, orientation <100>,
resistivity of 0.01-0.02 Qcm) wafers in HF (48%):EtOH (1:2) solution. PSi layers of approximately 4
pum thickness and 60 % porosity are obtained by applying a constant current density of 50 mA/cm? for
90s.

For cyclic electrodeposition process a Ca**EtOH (2:1) solution (Ca*? from CaCl, 0.1 M at pH
= 5.5) and a HPO,%:EtOH (2:1) solutions (HPO4? from NasPO, 0.1 M adjusted to pH = 7.2 with
H3PO,) were used. The particular pH values were selected because an acid medium favours the
presence of Ca*?in Ca solutions [23] and PSi with medium porosity (60%) tolerates neutral pH values
though it dissolves in basic media [24]. The PSi layer was alternately immersed in the Ca and P
solutions under the following standard conditions: 1 mA/cm? of cathodic current density in Ca solution
and 1 mA/cm? of anodic current density in P solution, during 30 s controlled by a potentiostat (EG&G
Princeton Applied Research). PSi was rinsed in ethanol between each step and 20 Ca/P cycles were
made in total. Also CaP was synthesized at different ratios of Ca/P current densities (Ic/lp = 1, 1.67,
2). Additional experiments were performed under different ratios of Ca/P reaction times (tca/tr = 1,
1.67, 2). All reactions were carried out with fresh Ca-P solutions at room temperature but a thermal
post-annealing at 800 °C for an hour was applied to enhance crystallinity of particular samples.

2.2. Characterization

The morphology of the CaP particles on PSi was determined by scanning electron microscopy
(SEM) at 20 kV detecting secondary electrons (Hitachi S-3000N). The Ca/P atomic ratio was
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estimated by energy-dispersive X-ray analysis (EDX) with an INCA X-sight from Oxford Instruments
within the SEM equipment. The resistance increment of the global system during electrodepostion was
obtained from voltage-time characteristics measured at constant current in the potentiostat. The
chemistry of the CaP/PSi samples was analyzed by Fourier transformed infrared spectroscopy (FTIR)
in specular reflection mode using a Briicker mod. IFS 60v (4 cm™ resolution, 7000-550 cm™ range)
and by X-ray diffraction (XRD) using a Siemens D5000 diffractometer working in grazing incidence
mode by fixed incidence angle at 0.5°. The XRD analysis was performed from 6 = 10° to 6 = 60°
degrees with an angle increment of AB = 0.04° and eight seconds between measurements.

3. RESULTS AND DISCUSSION

In order to confirm the feasibility of CaP films by the proposed process, a series of samples
were prepared with increasing number of alternating cycles. Fig. 1 shows that the process generates a
heterogeneous deposition.

Figure 1. SEM images of CaP on PSi reacted under standard conditions: a) at 5th cycle,
b) at 20th cycle and c¢) higher magnification of CaP particles reacted at 20th cycle.

The heterogeneous nucleation induced is similar to that obtained [18] in an electrodeposition
process on TigAl,V using combined Ca-P aqueous solutions under a cathodic current. Basically, it
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consists of small surface islands reaching some tens of micrometers. Favoured sites of nucleation are
given by the surface roughness, which is enhanced in our case by the presence of PSi. With increasing
reaction time, or number of cycles in our case, island density and size increase as illustrated in the
SEM images corresponding to the 5th and 20th cycles (Fig. 1A & 1B, respectively). Higher
magnification image was obtained to dig-out in the internal microstructure of the grown islands (Fig.
2C). This SEM image shows that the CaP particles are spherical, around 300 nm in diameter and they
are agglomerated in clusters. Morphologically, the CaP particles are similar to others synthesized
previously [25], although this particular shape was obtained in an aqueous precipitation method at pH
=9 following a sintering step at 950 °C.

In order to provide a model for the growth of the CaP films we have evaluated the electrical
parameters in the cell. The electrochemical system can be approximated to a model consisting of a
resistance and a capacitor connected in series. For an RC circuit under direct current, the potential is
given by [26]:

i
V=|R+Ejdt (1)

where V is the applied potential; i, the current; R, the resistance; C, the capacitance and t is
time. Fig. 2 shows the experimental V vs t curves corresponding to the 5th and 20th cycles of Ca and P
deposition (i.e. last deposition steps of samples in figures 1A and 1B, respectively). The asymptotic
saturation of V to a constant value suggests that the 1/C term in (1) is negligible, which can be
attributed to the high capacitance associated with the large internal surface of PSi [27-30].
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Figure 2. V vs t curves for the 5th and 20th cycles: a) corresponding to Ca solution
(cathodic current) and b) corresponding to P solution (anodic current).

The constant value of V for a fixed electrodeposition current (1 mA/cm?, cathodic current for
Ca solution and anodic current for P solution), allows the determination of an effective resistance value
for each electrodeposition step by applying Ohm's law. The plot in Fig. 3 shows that this effective
resistance increases linearly with the number of cycles suggesting that CaP growth in PSi is also linear
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with the number of cycles. However, it is possible that the resistance increase has some contribution
from oxide formation in the PSi matrix, as a consequence of the voltage reached during the process
[31]; 3.3 Vin Ca solution and 2 V in P solution.
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Figure 3. Resistance increment with cycles for the independent Ca and P solutions.

Fig. 4 shows the FTIR spectra in specular reflection mode for a fresh PSi layer and a CaP
coating on PSi. The PSi spectrum shows relatively strong interference fringes, which is typical of PSi
layers [29, 32]. Also, characteristic silicon-hydrogen bonds of nanostructured PSi are identified at
2116, 906, 661 and 624 cm™ [1, 29]. In the case of the CaP/PSi spectrum, the fringes fade because of
infrared absorption by CaP surface clusters. PO, v3 peaks are observed at 1091, 1042, 962 cm™, which
are related to HAP [18, 33]; as well as the signal in 602 cm™ of PO, v4 [33]. Additionally, absorption
around 1455 cm™ corresponding to CO; vs is identified [33]. This carbonate peak is probably
originated from the reaction of hydroxyl ions with carbon dioxide (CO, + 20H" <> CO5 + H,0) [18].

After the initial evidences of feasibility of CaP coatings by the proposed cyclic process, we
devoted our efforts to the control of the coating composition and structure by varying process
parameters such as the current and time applied in each one of the reactive Ca and P electrolytes.

Diffraction studies were performed in order to extract information relative to the crystalline
structure of the CaP deposits. Fig. 5 shows XRD diagrams in grazing incidence mode at different ratios
of Ca/P electrodeposition current densities (Ica/lp = 1, 1.67, 2). In the experiment of Ic,/lp =1, main 26
values corresponding to HAP [8, 13, 34] are well identified with a trace of monotite (CaHPO,). On the
other hand, for the cases of Ici/lp = 1.67 and 2, traces of monotite and brushite (CaHPO,4-2H,0) are
notorious within a dominant HAP structure too.
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Figure 4. FTIR spectra of PSi and CaP/PSi samples made under standard conditions
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Figure 5. XRD diagrams at different ratios of Ca/P current densities (Ica/lp = 1, 1.67, 2) for a tc,/tp =1.
M = Monotite, B = Brushite.

Fig. 6 shows XRD diagrams on grazing incidence mode at different ratios of Ca/P reaction
times (tca/tp = 1, 1.67, 2). The main phases identified in the difractograms are the same as those found
in the previous experiments. The more important difference is the lower crystallinity of HAP for tc./tp
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= 1.67 and 2. The tc,/tr = 1.67 diffractogram indicates a relatively strong presence of brushite in HAP
and the tca/tp = 2 shows a solid solution of monotite-brushite traces in HAP. The relative increase of
brushite and monotite phases creates a competitive environment for crystal growth that could not only
affect to the quantity of HAP formed but also to the quality of the HAP crystals formed as suggested
by the increase of the width at half maximum of the peaks attributed to HAP .
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Figure 6. XRD diagrams at different ratios of Ca/P reaction times (tca/tr=1, 1.67, 2) fora lci/lp=1. M
= Monotite, B = Brushite.

Estimation of the Ca/P atomic quantification from CaP clusters was done by EDX
semiquantitative analysis. Graph in Fig. 7 shows the Ca/P atomic ratios for both experimental series
(Ica/lp and tca/tp). EDX allows observing the tendency of the Ca/P atomic ratios generated by the
changes in electrodeposition conditions. The EDX measurements for Ic./lp = 1 and tca/tp = 1, the Ca/P
average atomic ratio was 1.63, close to the value of 1.67 corresponding to HAP [35-37]. On the other
hand, in the other two ratios (1.67 and 2) in both experimental series, the Ca/P value decreased
considerably. The reduction of Ca/P in these parameters ratios suggests the formation of other CaP
phases in addition to HAP. The monotite and brushite detected by DRX in that experiments (Fig. 5 and
6) match very well because their respective Ca/P atomic ratio is 1 [38] reducing the ideal value of 1.67

corresponding to HAP.
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Figure 7. Ca/P atomic ratios for the films electrodeposited by different | and t ratios as determined by
EDX.

From the evidences provided by the different techniques it is possible to provide an
electrochemical mechanism for the growth of CaP on PSi. The process of cyclic activation of Ca and P
deposition onto PSi, taking into account the respective polarity of the independent Ca and P solutions,
is explained as a series of reduction-oxidation reactions. The presence of monotite and brushite traces
in HAP suggests the following series of electrochemical reactions. At pH = 7.2 the phosphate ion is in
the monohydrated form HPO,? [26] and since the reduction potential of Ca*® ion to metallic Ca is not
reached (-2.8 V) [26] until the 10" cycle, in the first 10 cycles there is only a chemical formation of
monotite and brushite given by [39, 40]:

Ca™ + HPO3* - CaHPO, (2)

Ca™® + HPO;® + 2H,0 — CaHPO,4- 2H,0 3)

That means that, at the beginning, each respective current density in each solution works only
as a force that move ions to PSi enhancing the chemical reaction on its surface. However, after the 10"
cycle, in Ca solution there is a reduction from Ca*? ion to metallic Ca as observed previously [7, 26]:
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Ca”+2e —Ca (4)

Then the metallic Ca is oxidized to monotite and brushite in the P solution as already suggested
[39, 40], together with reactions 2 and 3:

Ca+ HPO;? - CaHPO, + 2e” ()
Ca+ HPO;? +2H,0 —» CaHPO, 2H,0 + 2¢” 6)

The OH’ ions are dominantly produced from reduction of water, although OH™ can also
plausibly derive from ethanol dissolution and dissolved oxygen [41]:

2H,0+2¢" > H,+20H" (7)
O, +2H,0+4e” > 40H" (8)

Thus, the monotite, brushite and metallic Ca react with OH" resulting in the formation of HAP
[19, 40-42]:

10CaHPO, +120H" —> Ca,,(PO,), (OH), + 4P0O;? +10H,0 )
10CaHPO, 2H,0+120H "~ —>Ca,,(PO,), (OH), + 4PO;* + 20H,0 (10)
10Ca+6P0;* +20H "~ —Ca,,(PO,),(OH), + 208~ (11)

Due to the pH of the P solution, it is highly probable that most of the PO, reacts with water to
produce HPO,42[23] and the process restarts again in reactions 2 and 5. The reason of the monotite and
brushite traces found when Ca/P ratios increase in lca/lp and tca/tp experiments may be the generation
of an excess of metallic Ca. In fact, when PSi is reacting in the P solution at neutral pH, there are not
enough HPO42 and OH" ions for all the metallic Ca generated. Consequently, some monotite and
brushite formed can not react to produce HAP and nucleate on the substrate. It is patent that, for HAP
formation, it is possible to avoid the formation of such phases by working in basic conditions [8, 43,
44].

The stability of the synthesized HAP at room temperature was confirmed with the thermal post-
annealing at 800 °C made for an hour (Fig. 8). The XRD diffractogram of the annealed sample
presents the same phases identified in the diffractogram obtained at room temperature. However, the
annealing activates the crystalline structure as derived from the better definition of the diffractogram
peaks. Besides, the 800 °C diffractogram presents other two main differences, the monotite peak at
30.2 is considerably reduced and the HAP peak at 32.2 shows an enhanced definition.
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Figure 8. XRD diagrams at room temperature and after a thermal post-annealingat 800 °C of a film
grown with Ica/lp= 1 and tca/tp = 1. M = Monotite.

4. CONCLUSIONS

This work demonstrates that a method based on a cyclic electrodeposition in Ca and P
electrolytes is suitable for the fabrication of CaP/PSi scaffolds and ceramics. CaP synthesis has been
directed to HAP at room temperature by controlling parameters such as pH, current density and
reaction time thinking on the formation of filling bioceramics with applications in bone tissue
reconstruction. The process is liable to the growth of other phases with higher physiological solubility
(monotite or brushite), which could be used for the production of drug delivery systems. On the other
hand, an approximation to the mechanism of in situ CaP deposition was studied by a simple system
resistance calculation. Finally, due to the flexibility of the method, it opens an alternative way of ionic
compound synthesis on porous conductor substrates.
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