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Abstract The effect of energy density on the yield of

silicon nanoparticles was studied. Silicon nanoparticles

were prepared by laser ablation in ethanol. The yield of

nanoparticles was calculated and its results indicate that

high energy density led to more nanoparticles production.

Particle size was also affected by varying energy density.

From TEM images, higher energy density resulted in

smaller nanoparticles, which can be explained by nucle-

ation and growth theory. Photoluminescence spectra

revealed blue shift of emission peak at high energy density

supporting TEM results. Silicon peak was detected by EDS

analysis along with oxygen. This means oxidation of sili-

con might occur within the sample.

1 Introduction

Silicon nanoparticles have been employed into diverse

applications since they are abundant, environmentally

friendly, and cheap [1–5]. In biological field, silicon

nanoparticles can be utilized as fluorescent imaging agent.

Compared to conventional organic dyes, silicon nanopar-

ticles are more stable against photobleaching and metabolic

degradation. In addition, emission spectra can be controlled

by tuning size of nanoparticles [6–10]. It was reported that

silicon nanoparticles were successfully utilized as fluores-

cent agents for both in vivo and in vitro images with no

apparent toxicity [11–13]. Another report suggested an

application of these particles in drug delivery system.

According to this study, silicon nanoparticles revealed high

resistance to biodegradability, high payload, and multi-

valent loading ability [14]. These previous literature

emphasize the importance of silicon nanoparticles in bio-

logical application.

Photovoltaic device is another interesting application for

silicon nanoparticles. After multiple exciton generation

(MEG) was proved to occur in silicon quantum dot, it

created new possibilities for improving conversion effi-

ciency of solar cell [15, 16]. Under this condition, the

excess energy absorbed at short wavelength can generate

more than one exciton. It was shown that the current

density and the conversion efficiency of solar cell with

silicon nanoparticles were increased compared with the

device without these particles [17, 18]. With suitable

electrolyte concentration, the device performance can be

enhanced even further [19]. Although this technology is

still in development, these previous work already proved

that silicon nanoparticles play a role in improving the

performance of solar cell.

To prepare silicon nanoparticles, several techniques

have been proposed. These include laser pyrolysis [11, 12,

20, 21], electrochemical etching [5, 22, 23], and laser

deposition [24, 25]. Unfortunately, these methods either

result in impure product or suffer from complicated

experimental system.

Recently, laser ablation in liquid technique has been

proposed. With this process, silicon nanoparticles can be

prepared with high purity and the experimental setup is

also simple [26–28]. However, several parameters can

affect the properties of the obtained silicon nanoparticles
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such as liquid media, laser wavelength, and laser fluence

[26, 29–31]. In this work, energy density of laser irradia-

tion was varied and its effects on silicon nanoparticles were

studied.

2 Experiment

P-type silicon wafer (crystal orientation 100h i, resistivity

11.5–15.5 X cm, thickness 600 lm) was used as a target

and weighed by microbalance. This target was then

immersed in 40 mL of 99.5 % ethanol and irradiated with

Q-switch Nd:YAG laser at second harmonic generation

(k = 532 nm, pulse width 13 ns, repetition rate 10 Hz).

Energy density was varied from 0.15 to 0.45 J/cm2.

Magnetic stirrer was also utilized in this experiment.

After 30 min, silicon wafer was weighed again. The yield

of nanoparticles was calculated by the difference between

weight before and after irradiation of silicon target. The

obtained colloidal solution was dropped on copper grid

and prepared for TEM and also EDS observation. Pho-

toluminescence (PL) spectra were observed by fluores-

cence spectrophotometer with excitation wavelength of

350 nm.

3 Results and discussion

Figure 1 shows the relation between yield of nanoparticles

and energy density of laser irradiation. As energy density

increased from 0.15 to 0.31 J/cm2, the yield of nanoparti-

cles increased dramatically from 0.01 to 0.08 mg. How-

ever, as energy density enhanced further to 0.45 J/cm2, it

gave rise to only 0.02 mg increase in nanoparticles

production.

From TEM images, as shown in Fig. 2a–c, prepared

silicon nanoparticles revealed spherical shape and well

dispersed at any energy density. With these images, size

distributions were constructed by measuring diameter of

100 nanoparticles. The results are shown in Fig. 2d–f. The

average size at each energy density was plotted in Fig. 3.

From these results, as energy density enhanced, the average

size of prepared nanoparticles became smaller. However,

as energy density increased beyond 0.31 J/cm2, the size

was unchanged.

Photoluminescence is another important property for the

study of nanoparticles. From Fig. 4, as energy density

increased from 0.15 to 0.31 J/cm2, the emission peak was

shifted to lower wavelength. This blue-shifted peak indi-

cates that smaller nanoparticles were prepared at higher

energy density [32–34]. For nanoparticles obtained at

energy density of 0.45 J/cm2, the peak position appeared to

be the same as the one at energy density of 0.31 J/cm2

suggesting similar particle size.

To study the composition of nanoparticles, EDS spec-

troscopy was employed. From the result shown in Fig. 5a,

silicon was detected along with oxygen peak. This means

silicon might be oxidized within the sample, which was

confirmed by HRTEM result shown in Fig. 5b. Copper and

carbon peaks generally come from sample grid used during

analysis. However, small trace of carbon-coated silicon

nanoparticle was observed as shown in Fig. 5c. In previous

literatures, during laser ablation, it is possible that ethanol

was decomposed into carbon atoms and interacted with

silicon clusters. This process led to the formation of SiC

particles [35, 36]. In our case, carbon was deposited on

silicon nanoparticles instead. This difference possibly

comes from the differences in experimental condition,

which requires further investigation.

To study the effect of energy density on the yield of

nanoparticles, optical absorption heat was brought into

consideration. Optical absorption heat is directly propor-

tional to power density of irradiation based on the fol-

lowing equation.

HA ¼ aIopt ð1Þ

where HA is optical absorption heat, a is absorption coef-

ficient, and Iopt is power density [37]. Higher optical

absorption heat provides more energy for particles gener-

ation. As a consequence, higher production yield was

obtained at higher energy density. However, as energy

density enhanced further, the yield of nanoparticles only

increased slightly. One possible explanation is that as the

number of nanoparticles increased, the absorption of

nanoparticles themselves inhibited the ablation on silicon

target. As the ablation decreased, nanoparticles production

also declined.

Nucleation will occur only when the concentration

reached the supersaturation limit [38]. At low energy

density, there are few silicon atoms in plasma plume.Fig. 1 Silicon nanoparticles production at each energy density
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Under this condition, it is difficult to reach the supersatu-

ration limit and consequently, nucleation is difficult to

occur. Thus, only small number of nuclei was created.

During the growth process, silicon atoms attached to nuclei

until all surrounding atoms were consumed. These atoms

had limited nucleation sites to bind to; therefore, the nuclei

grew rapidly leading to large particle size [26, 31]. At

higher energy density, the situation reversed. Because of

high concentration, supersaturation limit can be reached

easily and nucleation occurred simultaneously. Large

number of nuclei was created and they grew gradually. As

a result, the final particle size was smaller than that

obtained at low energy density. In addition, the previously

formed nanoparticles could absorb laser energy which

Fig. 2 TEM images and size

distributions of nanoparticles

prepared at a, d 0.15 b, e 0.31

and c, f 0.45 J/cm2

Fig. 3 Average size of nanoparticles at each energy density
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resulted in fragmentation. This process also led to small

particle at high energy density.

4 Conclusions

Laser ablation in liquid was employed to prepare silicon

nanoparticles at different energy densities. Higher energy

density resulted in higher nanoparticles production. How-

ever, as energy density enhanced further, self-absorption of

nanoparticles played a role in inhibiting the ablation on

silicon target. Nucleation and growth theory can be used to

explain the reason for the size difference. At low energy

density, nucleation was difficult resulting in small number

of nuclei and large particle size. At high energy density,

nucleation occurred simultaneously leading to large num-

ber of nuclei and small particle size.
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