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Abstract 

The TOPSi/HAP composite was obtained after heat treatment of thermally oxidized porous silicon 

(TOPSi) spin-coated with Hydroxyapatite (HAP) precursor solution. Silicon-Calcium Phosphate 

composite nanoparticles (SiCaPs) were synthesized in distilled water by laser ablation method using 

the TOPSi/HAP composite as the target material. According to Scanning Electron Microscopy 

(SEM), Fourier Transformed Infrared spectroscopy (FTIR), Energy-dispersive X-ray Spectroscopy 

(EDS), Dynamic Light Scattering (DLS) and Zeta Potential analyzes, SiCAPs are ultra-pure, 

spherical shaped nanoparticles with an average hydrodynamic diameter of 120 nm and a Zeta 

Potential of -20 mV for Ph 4,5. The proposed unique method enabled the SiCaPs synthesis. By 

changing some parameters of the synthesis conditions, SiCaPs of various properties can be designed 

for bone tissue engineering, wound healing, drug delivery, medical adhesives, and various 

biomedical applications. 
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1. Introduction 

 

Silicon-calcium phosphate composite nanoparticles (SiCaPs) are therapeutic agents that can 

accelerate wound healing [1], and they can be tailored to the diseased area by loading various drugs 

[2,5]. They are important candidates for a variety of biomedical applications such as bone 

regeneration [3], hemorrhage control and medical adhesives [4]. The versatile utility of silicon-

calcium phosphate composite nanoparticles makes them extremely attractive as biomaterials. 

Nanomaterials used in clinical applications must be of high purity, and it is essential that 

nanoparticles synthesis methods meet the requirements. 
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Most of the proposed methods for the synthesis of composite nanoparticles involve laborious 

processes, chemical impurities and harsh synthesis conditions. Compared to the traditional methods, 

nanoparticles synthesized by laser ablation method in liquid media have the desired shape and size, 

are nontoxic, and ultrapure since they do not contain chemical impurities [6]. During the nanosecond 

laser ablation process, a plasma plume which contains neutral atoms, ions, and electrons, is formed at 

the interface of the target material and the liquid medium. With the expansion and collapse of the 

plasma plume, these structures are released into the liquid medium in the form of nanoparticles [7].  

The spongy structure of porous silicon has the ability to trap various molecules in their pores. Thus, 

it provides a great advantage in the preparation of numerous composite and hybrid materials [8-10]. 

Investigating the nanoparticle synthesis mechanism by short pulsed laser ablation in liquid medium, 

it was aimed to find out whether composite nanoparticles can be obtained when composite material 

is used as the target material. 

This study which uses short pulsed laser source in distilled water, involves a unique method which 

enables a simple and pure process making possible the synthesis of SiCaPs for various biomedical 

applications such as bone tissue engineering, wound healing, drug delivery, medical adhesives. The 

TOPSi/HAP composite used as the target material as well as the synthesized SiCaPs were 

investigated by various analysis methods described in detail in the following sections. Ultra pure, 

spherical shaped SiCaPs with homogeneous size distribution were synthesized in a single step 

process by combining both the advantages of laser ablation method and the convenience provided by 

porous silicon in the production of composites. Composite nanoparticles of various structures can be 

synthesized by changing some of the parameters that affect the synthesis conditions of nanoparticles, 

such as laser parameters, liquid type, pore size of porous silicon, and the amount of HAP precursor 

solution. 

 

2. Material and methods 

 

 

2.1. Thermally Oxidized PSi (TOPSi) Production 

 

The crystalline silicon (c-Si) wafers were cut into pieces to obtain a 1 cm
2
 porous area. Silicon pieces 

were ultrasonically washed with acetone for 10 minutes. After rinsing with ethanol, it was dried on a 

fume hood at room temperature. PSi pieces were fabricated from n-type <111>, single crystal 
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(0.008–0.02 Ωcm) silicon wafers by electrochemical etching at 75 mA/cm² in a solution of (1:1) HF 

(38%): ethanol under 150 W lamp illumination for 45 minutes. PSi pieces were immersed in 

hydrogen peroxide (𝐻2𝑂2) (%28) solution for 30 minutes to create a uniform thin oxide layer. 

Finally, the PSi samples were thermally oxidized in a tube furnace at 950°C for one hour under 

anesthetic gas (𝑁2𝑂) flow to form a PSiO2 matrix, and then gradually cooled down under nitrogen 

(𝑁2) gas flow. The anesthetic gas and nitrogen gas flow were kept constant at 2500 sccm and 1000 

sccm, respectively, with the aid of a flowmeter.  

2.2. Synthesis of HAP Precursor Solution 

HAP precursor solution was prepared using 4,682 g Calcium Nitrate Tetrahydrate 

(𝐶𝑎(𝑁𝑂3)2. 4𝐻2𝑂 , ≥%99, Merck), 2,320 g Dibutyl Phosphite ([𝐶𝐻3(𝐶𝐻2)3𝑂]2𝑃(𝑂)𝐻 , ≥%96, 

Aldrich), 50 ml Ethyl alcohol (𝐶2𝐻6𝑂, ≥%98, Merck). After all chemicals were added into the glass 

beaker, the magnetic stirrer was operated at a stirring speed of 200 rpm for 1 hour.  

 

2.3. Preparation of TOPSi/HAP Composite 

 

The HAP precursor solution in the syringe was dropped on the TOPSi one drop at every turn. Spin 

coating was carried out at a speed of 3000 rpm for 60 seconds. The process was repeated 10 times. 

The TOPSi/HAP composite was formed by heat treatment of TOPSi which was spin-coated with 

HAP precursor solution at 900°C for 1 hour. 

 

2.4. SiCaPs Synthesis From TOPSi/HAP composite by Laser Ablation Method 

 

The SiCaPs were synthesized using the laser ablation method by nanosecond pulsed laser in distilled 

water. The Nd:YAG laser parameters are 532 nm of wavelength, 6 ns of pulse-width, 10 Hz of 

frequency and 130 mJ of pulse energy. The target material (TOPSi/HAP) was placed in the middle of 

a pyrex beaker. The laser beam was focused on the TOPSi/HAP composite contained in a pyrex 

beaker filled with 5 ml of distilled water, using a plano convex (Newport model no: KPX103AR.33) 

lens (focal length 175 mm). The distance between the lens and the sample was set to 120 mm. The 

Pyrex beaker was positioned on a movable platform, and the platform was automatically moved 

continuously to achieve uniform irradiation of the entire TOPSi/HAP surface with the laser beam. A 

schematic representation of the synthesis steps of the SiCaPs is presented in Figure 1. 
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Fig. 1. The synthesis steps of SiCaPs 

 

2.5. Characterization 

The properties of TOPSi, and of the TOPSi/HAP composite produced as target material were 

examined by FTIR, EDS and SEM. X-ray diffraction analysis (XRD) was used to determine the 

crystallographic structure of the TOPSi/HAP composite. The morphology and structure of SiCaPs 

were characterized by FTIR and EDS. The DLS and Zeta Potential analyses were performed to 

obtain the size distribution and surface zeta (ζ) potential of the SiCaPs, respectively. The synthesized 

SiCaPs were characterized by SEM to reveal their shapes and size distribution. 

 

3. Result and Discussion 

 

3.1. Characterization of TOPSi/HAP Composite 

 

SEM image shown in Figure 2(a) revealed that PSi was formed, and SEM image shown in Figure 

2(b) revealed that pore size and distribution changed as a result of thermal oxidation. In addition, it 

is clearly seen in Figure 2(c) that a new nanostructured TOPSi/HAP composite was formed as a 

result of the heat treatment applied after the HAP precursor solution was spin coated on TOPSi and 

absorbed into the pores. Both the particles and pores of the new nanostructure showed a highly 

homogeneous distribution. Fig. 2(d) shows the PL behavior of  PSi and TOPSi under the 254 nm UV 
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lamp excitations. From the figure, it can be seen that the PL intensity dramatically decreased after 

the thermal oxidation.  

  

      

 

   

(a) 

(b) 
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Fig. 2. SEM images (a) of PSi, (b) TOPSi, (c) TOPSi/HAP composite. PL spectra (d) of PSi and 

TOPSi  

 

FTIR spectroscopy ranging from 600-4000 cm
-1

 was used to investigate the bond vibration modes of 

samples as shown in Figure 3. TOPSi exhibited absorption peaks at 1040 and 800 cm
-1

 indicating the 

presence of Si-O-Si stretching’s. Absorption peaks were observed at 1090, 1030 cm
-1

, indicating the 

presence of vibrational modes of (PO4)
3-

 after the formation of the TOPSi/HAP composite. The band 

attributed to the formation of the CaP phase increased and overlapped with the Si-O-Si stretching 

(c) 

(d) 
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modes at 800 cm
-1

. The peak at 603 cm
-1

, attributed to the formation of the CaP phase in the 

TOPSi/HAP composite, appeared sharply. Our FTIR results are consistent with both the data 

previously reported by Prokopowicz et al. [11] and cards created as a result of FTIR studies 

previously performed on porous silicon [12]. 
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Fig. 3. FTIR spectra of TOPSi, and TOPSi/HAP composite 

 

The results of the EDS analysis shown in Figure 4  were evaluated to further examine the 

TOPSi/HAP composite. After the TOPSi was spin-coated with the HAP precursor solution and 

finally heat treated, Ca and P peaks appeared, with the ratios shown in the table attached to the EDS 

 plot.  
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Fig. 4. EDS spectra of TOPSi, and TOPSi/HAP composite 

 

According to the XRD pattern shown in Figure 5, two characteristic main peaks appeared around 2θ 

= 26° and 2θ = 32°, representing the HAP.  The large peak at 2θ = 32°  is attributed to many 

nanometer-sized and randomly orientated many crystal planes [13, 14]. The reason why the silicon 

peak is not visible is explained according to the ICDD standard for HA (JCPDS 09-432). According 

to this disclosure, the diffractive pattern of hydroxyapatite and the diffractive pattern of the silicon 

substrate might be similar as previously mentioned in ref. [15]. It is conclusively known that the 

broad peak at approximately 2θ = 21° in the XRD pattern indicates the presence of SiO2 

nanostructures [16]. Based on all these data, it is concluded that the crystal planes of HAP and SiO2 

nanostructures overlap and form broad peaks, as previously stated in the literature [13, 14]. The 

hexagonal Ca(OH)2 phase was also present at approximately 2θ = 17.8° in the XRD pattern in the 

Fig. 5 [17]. 
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Fig. 5. XRD pattern of TOPSi/HAP 

 

3.2. Characterization of SiCaPs 

 

The SiCaPs were obtained by laser ablation of the TOPSi/HAP composite which was placed as a 

target in a pyrex beaker filled with distilled water, in a short pulse regime. Figure 6(a) shows SEM 

image of the SiCaPs. From the SEM image, it was clearly found out that the SiCaPs had a spherical 

shape. The EDS spectrum containing the table of the comparative proportion of the elements within 

the structure of the SiCaPs is shown in Figure 6(b). According to the EDS analysis results, SiCaPs 

are rich in Si, Ca, P, O. The Ca or P ratio can be adjusted according to the application purpose by 

changing the amount of HAP precursor solution to be coated on TOPSi. The Mg, Al, Na peaks are 

associated with the dropping procedure applied on the aluminum plate before the EDS analysis. The 

peak associated with Au is due to the Au coating procedure to ensure sufficient conductivity for the 

measurement of EDS. Ultra-pure SiCaPs were obtained without any chemical contamination. 
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Fig. 6. SEM image (a) and  EDS spectrum (b) of SiCaPs 

 

FTIR spectroscopy ranging from 600-4000 cm
-1

 was used to investigate the bond vibration modes of 

SiCAPs as shown in Figure 7. Broadband absorption peak at 3320 cm
-1

 indicates the OH stretching 

(a) 

(b) 

Jo
urn

al 
Pre-

pro
of



11 

vibration of absorbed water [18]. FTIR peaks around 880, 1417 and 1455 cm
-1

 may indicate the 

carbonate ion in the HAP structure [19]. The FTIR peak appearing at 632 cm
-1

 is attributed to the 

asymmetric bending vibration of the P-O groups [19]. Between 1090-1010 cm
-1

, the 

vibration peaks of the Si-O-Si and (PO4)
3-

 groups overlapped and two sharp peaks were observed. 

These two sharp peaks are attributed to the formation of tetramer and larger rings rather than cyclic 

siloxanes [12]. FTIR peaks around 803 cm
-1

 likely indicate Si-O-P and Si-O-Si vibrations [20]. The 

peak at 603 cm
-1

 is attributed to the formation of the CaP phase in the SiCaPs [19]. FTIR peaks 

between 1400-1500 cm
-1

 are asymmetric stretching vibrations of CO3
-2 

[21]. FTIR peaks at 2973 and 

2882 cm
-1   

can be interpreted as C-H organic residues [22]. 

4000 3500 3000 2500 2000 1500 1000 500

0,00

0,05

0,10

0,15

0,20

0,25

6
0

3

2
8

8
2

2
9

7
3

3
3

2
0

1
6

5
0

1
4

5
5

1
4

1
7

1
3

8
0

1
3

2
8

1
0

8
7

1
0

4
5

8
8

0
8

0
3

 

 

A
b
s
o

rb
a

n
c
e

 (
a

.u
.)

Wavenumber (cm
-1
)

 SiCaP

6
3

2

 

Fig. 7. FTIR spectrum of SiCaPs 

 

DLS analysis results of the SiCaPs are shown in Figure 8(a). It was found that the hydrodynamic 

diameter of the particles ranged from 80 to 200 nm. The average hydrodynamic diameter was 

measured as 120 nm. Thus the particles were found to have a substantially homogeneous size 

distribution. According to the zeta potential results shown in Figure 8(b) and measured at 20 ° C, the 

zeta potential value of the particles was determined as -20 mV at Ph 4,5. 

 

Jo
urn

al 
Pre-

pro
of



12 

 

 

 

                              

Fig. 8. DLS analysis (a) and Zeta Potential measurements (b) of SiCaPs 

 

4. Conclusion 

 

The plasma plume containing Ca, P, and Si, which was formed on TOPSi/HAP composite surface by 

virtue of laser ablation method, collapsed when it encountered the distilled water, and SiCaPs were 

formed. Ultra pure composite particles were synthesized with a unique approach without the use of 

harsh chemical procedures or any chemical contamination. Since SiCaPs synthesized by laser 

ablation method are ultra-pure, offer homogeneous size distribution, they will be a more preferred 

biomaterial in many biomedical applications in the future. Moreover, by changing some parameters 

of the synthesis conditions, SiCaPs having suitable properties for various biomedical applications 

can possibly be designed. In the future, various composite nanoparticles will be synthesized by laser 

ablation of porous silicon composites due to the fact that the sponge-like structure of porous silicon 

can absorb many materials and various composites can thus be formed. 
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