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Abstract We report a detailed study on the synthesis of

ultra-small (1–10 nm) colloidal silicon nanoparticles (Si

NPs) by ablating porous silicon (pSi) in acetone using

femtosecond laser pulses. Porous silicon is considered as a

target material for ablation because it contains a large

number of light emitting silicon nanoparticles. The pSi

samples were prepared by anodic etching of silicon in

aqueous HF solution for different etching current densities.

Transmission electron microscope measurements con-

firmed the successful formation of well-isolated spherical

silicon nanoparticles. The average size of spherical NPs

were estimated to be *7.6, *7, and *6 nm when anodic

etching current densities of 5, 10, and 20 mA/cm2 were

used respectively for preparing pSi targets. The crystal-

linity of these Si NPs was confirmed by selective area

electron diffraction and Raman spectroscopy measure-

ments. The observed blue shift in the absorption and

emission spectra are attributed to reduction in the average

particle size with increase in etching current density. These

Si NPs may be useful for fabricating low-dimensional

microelectronic compatible photonic devices.

Introduction

Silicon nanoparticles (Si NPs) are promising candidates for

building block materials in the fields of nanotechnology

and nanophotonics [1–6]. In the present scenario, a chal-

lenging task is to prepare impurity-free, ultra-small, and

high density silicon nanoparticles in short duration. The

size-tunable optical and electronic properties of Si NPs

make them potential candidates for use in light emitting

diodes (LED), quantum dot lasers, chemical sensors,

printed electronics, floating gates, and flexible solar cells

[7–11]. Furthermore, ultra-small Si NPs have relevance in

photovoltaics owing to their enhanced absorption in UV

region. Si NPs with diameters in the range of 1–3 nm are

used as red–green–blue (RGB) emitters in optoelectronic

devices [12, 13]. There are copious reports on the pro-

duction of size-controlled Si NPs by various techniques

such as electrochemical etching [2, 3, 14], ion-implantation

of Si into SiO2 matrix followed by annealing processes [15,

16], chemical vapor deposition (CVD) [17], and laser

ablation [18, 19]. Although the Si NPs produced by dif-

ferent procedures appear to be identical, their optical

responses can differ drastically. Hence, it is important to

understand various mechanisms that are useful for pre-

paring ultra-small silicon nanoparticles.

Laser ablation in liquids is a versatile method to syn-

thesize size-controlled colloidal Si NPs. This technique

facilitates the fabrication of well-dispersed, impurity-free,

and size-tunable nanoparticles in a short duration. There

are many laser parameters such as laser wavelength, energy

per pulse, pulse duration, focal spot area, repetition rate,

and liquid medium [20], which can control the size, shape,

and density of nanoparticles. Particularly, the laser pulse

duration is found to affect directly the ablation, nucleation,

growth, and aggregation mechanisms [21–24]. Especially,
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laser ablation by ultra-short laser pulses has been an

attractive technique to synthesize isolated nanoparticles, as

compared to ablation by nanosecond (ns) pulses because

there is a little or no collateral damage due to shock waves

and heat conduction produced in the material. Long laser

pulses (ns) release their energy slowly to target electrons

on the time scales comparable to that of thermal relaxation

processes of the target. Femtosecond (fs) laser pulses

transfer their energy to target electrons much faster as

compared to the time scales of electron–phonon thermali-

zation. Hence the material undergoes ultrafast non-thermal

heating and becomes a superheated fluid [25] and an

extreme thermo-elastic pressure built in the material are

responsible for the generation of nanoparticles in liquid

medium. The detailed mechanism of nanoparticle genera-

tion under fs laser ablation has been discussed in our pre-

vious reports [19, 26, 27].

There are a few earlier reports on the generation of Si

NPs by femtosecond (ultra-short pulse) laser ablation under

liquid environment [28–31]. Recently Semaltianos, et al.

[32] have generated isolated Si NPs by using UV fs pulses.

However, it is difficult to achieve smaller nanoparticles

(\10 nm) by ablating bulk silicon (generally the size is

limited to *30 nm) [19, 33]. There are few reports

available on the synthesis of ultra-small (*1–10 nm) Si

nanoparticles by two-stage process using pulsed laser

ablation. Recently, Alkis and co-workers [34] have repor-

ted the formation of blue luminescent colloidal silicon

nanocrystals by two-stage process. They observed reduced

particle size ranging between 1 and 5.5 nm with fs laser

ablation of Si wafers followed by exposure to ultrasonic

waves and by filtering chemical-free post-treatment.

Introduction of nanostructured porous silicon (pSi) for

ablation could be a very effective and potential method to

generate ultra-small silicon nanoparticles for low-dimen-

sional photonic applications.

Here we report a novel method for preparing ultra-small

silicon nanoparticles. An attempt has been made to prepare

nanoparticles by ablating porous silicon considering the

fact that it contains a network of ultra-small light emitting

Si NPs. Moreover, the use of pSi as a target material

possesses substantially lower thermal conductivity than

crystalline Si. Furthermore, use of pSi targets offers addi-

tional parameters for controlling the size and shape of

nanoparticles by ablation. Some examples of these addi-

tional controlling parameters are Si-doping (type and

concentration), type of electrolyte and its concentration,

etching current density, and etching time, etc. To our

knowledge, there are no reports available on the ablation of

porous silicon in past. The present study shows that, pSi is

a suitable candidate for fabricating ultra-small Si NPs by fs

laser ablation. The study also indicates that the ablation of

pSi is distinctly different from that of bulk silicon.

Experimental details

Ultra-small Si NPs were synthesized by subjecting the

porous silicon targets to fs laser pulses under liquid envi-

ronment. Porous silicon was prepared by electrochemical

(anodic) etching of mirror-polished p-type boron-doped

(1–30 X cm), single crystal Si (100) wafers which were cut

into 1 9 1 cm2 pieces and cleaned ultrasonically by ace-

tone for 10 min to remove chemical contaminations. These

Si samples were then cleaned with 10 % hydrofluoric (HF)

acid to etch the native oxide layer. Then the samples were

anodically etched for 10 min in 1:2::HF:Isopropyl alcohol

(IPA) solution at different etching current densities J = 5,

10, and 20 mA/cm2. Immediately after the anodization, the

samples were rinsed with ethyl alcohol and subsequently

with pentane to control the capillary actions. Finally the

samples were rinsed in deionized water and left for natural

drying. The formation of sponge-like nanostructured pSi

has been confirmed by field emission scanning electron

microscope (FESEM-Carl ZEISS, FEG, Ultra 55—using

5 keV electrons) and by observing intense visible (near

red) luminescence under UV lamp [2]. Two sets of pSi

samples were prepared under same conditions. One set was

used for the proposed laser ablation work whereas the other

set was used as control samples. These control samples

were used to estimate the thickness and porosity of pSi

layers as a function of etching current density by

employing cross-sectional FESEM and gravimetric ana-

lysis [14], respectively.

The ultrafast laser source used in this study is a chirped

pulse amplified Ti:sapphire laser system (Coherent Legend,

*2.5 W, 1 kHz) delivering nearly bandwidth-limited laser

pulses (Pulse duration of *40 fs) at 800 nm. The pSi

target was placed in a Pyrex cell and filled with acetone

which was 5 mm above the target surface. Acetone is

known to control the growth and aggregation of nanopar-

ticles in much better way due to its high polarity and dipole

moment, when compared to other liquids like water and

ethanol [35]. This study suggests that acetone is an

appropriate medium for ablation of Si-based targets.

Hence, acetone was chosen as a medium for this ablation

work. The theoretical beam waist estimated at focus on the

sample surface was *30 lm. The targets were placed

normal to laser beam on a motorized X–Y stage which was

controlled by an ESP 300 motion controller. Target was

scanned to avoid multiple ablations from same spot so that

every pulse sees a fresh spot on the pSi surface. Therefore

the majority of the Si NPs generated by laser ablation are

expected to be from the pSi layer. Pulse energies of

*100 lJ were used for ablation which was carried out for

*40 min. The observed change in the color of the acetone

(to light-orange) during ablation indicates the formation

of Si NPs. The samples were prepared for further
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characterization by drop-casting the colloidal Si NPs onto

corresponding plates (Cu-coated TEM grid for TEM, Glass

cover slips for Raman and PL measurements) and allowing

them to evaporate the solution. The formation of Si NPs

was confirmed by micro-Raman spectroscopy (WITech

Alpha 300 spectrometer–Excitation wavelength: 532 nm

Nd-YAG laser, 40 mW, and a grating of 600 lines/mm).

Low laser power (5 mW) was used throughout the mea-

surements to avoid local heating effects. The size distri-

bution has been estimated by using Transmission Electron

Microscopy (TEM- Technai, equipped with a thermo-ionic

electron gun working at 200 kV) measurements. The

energy dispersive X-ray spectroscopy (EDS-SEI Technai

G2 S-T win 200 keV energy of electron) measurements

were also performed to study the chemical contaminations

(if any) present in the sample.

High-resolution transmission electron microscopy toge-

ther with Raman spectroscopy confirmed the generation of

Si NPs. Crystalline nature and growth direction of Si NPs

were obtained by selective area electron diffraction

(SAED). Absorbance (UV–Vis, Jasco V-670) and photo-

luminescence (PL-Fluorolog, Xenon lamp, 450 W, Exc:

350 nm, resolution: 0.3 nm) measurements were also per-

formed to elucidate the optical behavior of Si NPs.

Results and discussion

FESEM image shown in Fig. 1, confirms the formation of

nanostructured porous silicon as a result of electrochemical

etching of silicon. The width of pore walls and the size of

nanoparticles embedded between the pores decrease with

increase in applied current density during electrochemical

etching [1, 2]. The refractive index of the pSi layer mainly

depends on the size and density of the pores as per the

effective medium model. The refractive index of pSi is

expected to be lower than that of bulk Si because pSi is

effectively a combination of air (in pores) and silicon. [2].

The refractive index of the material is known to influence

the ablation process by multi-photon ionization [36]. The

thickness and porosity of pSi layers prepared at different

etching current densities are presented in the Table 1.

Further, the anodized (pSi) samples have been subjected to

fs laser pulses to synthesize ultra-small colloidal Si NPs in

acetone. TEM images shown in Fig. 2 confirm the forma-

tion of nearly spherical Si NPs by laser ablation. From

these images, we concluded that the ablation of pSi target

prepared at higher current density (J = 20 mA/cm2) pro-

duced smaller particles. To determine the accurate size

distribution of Si NPs, we have estimated the sizes of more

than 500 particles in different regions of TEM grids. The

corresponding histograms suggest that the size of Si NPs

was in the range of 1–30 nm. Further, it was found that the

major portion of the nanoparticles have diameters in the

range of 1–10 nm. The size distribution shown in Fig. 2

has been analyzed by performing Gaussian peak fitting to

estimate the average particle size (i.e., the center of the

Gaussion) presented in Table 2. Laser ablation of pSi tar-

gets prepared with current densities of 5, 10, and 20 mA/

cm2 produced Si NPs of average size *7.6, *7, and

*6 nm, respectively. EDS measurements were performed

to identify the elements that are present in the samples and

the data are shown in Fig. 3. The observed peaks related to

carbon (C) and copper (Cu) are associated with TEM grids

used in this study. Therefore, the main constituent of these

samples was found to be Si, as expected. There are no

detectable impurities other than a small concentration of

oxygen, present in these samples. Hence, these EDS mea-

surements confirm the successful generation of impurity-

free ultra-small Si NPs by laser ablation of porous silicon

in acetone. The selective area electron diffraction pattern,

shown in Fig. 4 reveals the face centered cubic (fcc)

structure of Si nanoparticles with a zone axis [111].

HRTEM image (Fig. 4) of a single isolated Si NP shows

the crystalline lattice fringes with lattice spacing of

Fig. 1 FESEM image of nanostructured porous silicon (pSi) prepared

at current density J = 10 (mA/cm2) by electrochemical etching of Si

Table 1 Physical and optical parameters of pSi used for laser

ablation

PSi target used

for ablation

Estimated thickness

of pSi layer (lm)

Porosity of

pSi layer (%)

PL peak

position

(nm)

pSi-5 mA/cm2 1.89 ± 0.29 71 651

pSi-10 mA/cm2 2.31 ± 0.41 76 642

pSi-20 mA/cm2 3.27 ± 0.25 82 637
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Fig. 2 TEM images and corresponding histograms (inset) of Si NPs

obtained by femtosecond laser ablation of pSi targets prepared at

different etching current densities. a pSi-5 mA/cm2, b pSi-10 mA/

cm2, and c pSi-20 mA/cm2 (The solid lines in the insets represent

Gaussian fits of corresponding size distribution)

Table 2 Particle sizes (average diameters) and optical parameters of

Si NPs estimated by different analytical techniques

Sample

label

PL peak

position (nm)

Estimated average particle

diameters d (nm)

By TEM By Raman By UV–Vis

Si NP-5 431 7.6 ± 3.0 5 9

Si NP-10 428 7.0 ± 3.1 3 8

Si NP-15 426 6.1 ± 2.5 2 6

Fig. 3 Energy dispersive X-ray spectrum of Si NPs

Fig. 4 HRTEM image of a single Si NP, showing the [111] plane and

their corresponding electron diffraction pattern (inset)
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0.31 nm corresponding to the inter-planar spacing of Si

[111] plane. The fast Fourier transform (FFT) creates the

diffraction pattern of the image in the back focal plane and

the corresponding inverse FFT was also constructed by

FFT as shown in Fig. 5. These measurements further

confirm the fact that the observed nanoparticles are actually

made of Si.

The absorption properties of Si NPs have been signifi-

cant in estimating the optical energy band gaps. The

absorption spectra shown in Fig. 6 depict a broad and

continuous band between 200 and 500 nm with a distinct

peak at around 325 nm. When the ablation was performed

on pSi target prepared at higher current densities, a blue

shift was observed in the absorption peak position. The

shift in the absorption peak position may be attributed to

change in the average size of nanoparticles present in the

solution.

The Raman spectra of Si NPs generated by fs laser

ablation of different pSi targets under acetone environment

have also been investigated by using micro-Raman mea-

surements and the data are presented in Fig. 7. Raman

spectrum shows a sharp optical phonon band near

520 cm-1 with asymmetry toward lower frequency side.

The intense peak near 515 cm-1 and the asymmetric

response at around 505 cm-1 correspond to atomic vibra-

tions from Si crystalline core and near-surface regions,

respectively [37]. Moreover, we did not observe any sig-

nificant peaks related to Si–O bonds near 476 cm-1.

Hence, it is confirmed that the observed Raman spectra are

dominated by the scattering of crystalline Si nanoparticles.

The observed shift in Raman peak position is normally

attributed to quantum confinement effects in Si NPs. Hence

it can be connected with nanoparticle size (d) as per

quantitative bond polarizability model [38, 39] by Eq. 1.

Dm ¼ �að0:543 nm=dÞc; ð1Þ

where Dm is the shift in the Raman peak position (Lorentz

peak fitting has been used to find out the peak position)

with respect to bulk Si value (520.4 cm-1) and a
(47.4 cm-1), c (1.44) are fitting constants. As shown in

Table 2, the sizes of Si NPs as estimated by this technique

are comparable to those obtained by TEM measurements.

Photoluminescence (PL) measurements have also been

performed to study the emission properties of Si NPs.

Figure 8 shows the PL spectra of Si NPs obtained by ab-

lating pSi targets which were prepared at different etching

current densities. The PL spectra were rather broad, rang-

ing from 400 to 500 nm, with a maximum intensity at

around 430 nm. The PL peak position was found to shift
Fig. 5 The fast Fourier transform (inset) and inverse fast Fourier

transform of a single Si NP obtained by HRTEM

Fig. 6 UV–Vis absorption spectra of colloidal Si NPs generated with

different pSi targets by laser ablation

Fig. 7 Raman spectra of Si NPs synthesized by femtosecond laser

ablation of pSi prepared at different etching current densities
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slightly toward the lower wavelengths as particle size

decreased. This observation is also in agreement with

quantum confinement effects [40]. Here it is important to

mention that the expected shift in PL peak position for the

kind of smaller size variations is generally less than the

FWHM in case of pSi and Si NPs. Hence, it is not rea-

sonable to estimate the particle size based on PL data.

However, the observed small blue shifts still indicate the

fact that there are more number of smaller Si NPs when

compared to other samples. PL spectra obtained from pSi

samples prepared at different etching current densities are

shown in the inset of Fig. 8 (i.e., before ablation). As

observed from Fig. 8, the most prominent difference

between the PL data of Si NPs and pSi is that Si NPs give

blue luminescence (see Table 2) whereas pSi gives red

emission (see Table 1). It is well known that the pSi always

gives bright orange to red emission although there are

smaller nanoparticles in it [2]. Apparently, the blue lumi-

nescence is possible only when those smaller Si NPs are

isolated from remaining Si network. Laser ablation was

performed in the present work to separate these particles

from bulk silicon and to prepare isolated, colloidal Si NPs.

In addition, the generation of ultra-small Si NPs is

expected because ablation may further break these smaller

Si NPs when compared to the ablation of bulk Si. There-

fore, our study suggests that the ablation of pSi produces

smaller nanoparticles with small size distribution with less

concentration of larger particles. Further the ablation pro-

cess was found to depend on the initial porosity of silicon

indicating the fact that the ablation of pSi is distinctly

different from that of bulk silicon.

Conclusions

Ultra-small silicon nanoparticles were synthesized by ab-

lating porous silicon using femtosecond laser in liquid

medium. The size distribution of these silicon nanoparticles

is estimated to be in the range of 1–10 nm by different

techniques. HRTEM image of a single isolated Si NP

shows the crystalline lattice fringes with lattice spacing of

0.31 nm corresponding to the inter-planar spacing of [111]

planes in Si lattice. The crystalline structure of the gener-

ated silicon nanoparticles has been confirmed by SAED

and Raman spectroscopy. The observed blue shift in

absorption peak position with increase in etching current

density is attributed to changes in average particle size.

Similarly, the PL peak position was also found to shift

toward lower wavelength regime. These results are in good

agreement with quantum confinement effects. This study

shows that the process of ablation depends on the initial

porosity of pSi indicating the fact that the ablation of pSi is

distinctly different from that of bulk silicon. Further, the

ablation of porous silicon targets offers additional param-

eters for controlling the size and shape of nanoparticles

produced.
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