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a b s t r a c t

During the nanosecond pulsed laser ablation of naturally occurring garnet in water, silicon and silicon
dioxide nanoparticles are synthesized. These nanoparticles have an average size of 25 nm and 23 nm
when the target is ablated for 20 and 30 min, respectively. The synthesized silicon nanoparticles are
crystalline in nature and have cubic structure with 3.0 Å interplanar distance. The effects of laser ablation
time on the yield of synthesized nanoparticles in the solution are investigated and it is observed that the
optimum ablation time of 20 min is required for the efficient synthesis of silicon nanoparticles while
operating at an input pulse energy of 90 mJ. We also report the elemental analysis of the garnet using
laser induced breakdown spectroscopy.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Eastern Himalaya possesses various types of minerals and rocks.
These rocks include different types of gneisses, schists, quartzites,
calc-silicates, calc-gneisses, graphite, garnet-kyanite-stauorite,
biotite schist, sillimanite, muscovite, garnet etc. [1e3]. The Pyrope
garnet belongs to calc-silicate group and is found in abundance in
the Himalayan area. Despite being rich in these silicates, neither the
elemental composition of these garnets has been investigated
precisely nor they have been utilized for the commercial purposes.

Laser-Induced Breakdown spectroscopy (LIBS) [4e7] is often
used as an analytical technique for elemental analysis as well as to
understand the changes in the physical, chemical and optical
properties of the materials. It has been employed on several min-
erals and rocks samples previously for their compositional analysis
[8,9]. In this technique, a short laser pulse is focused on the target
surface to create plasma which on cooling emits light of discrete
spectral signatures. The light is directed to the detector module for
the LIBS analysis. Apart from this, short laser pulse is also employed
for the synthesis of nanoparticles (NPs), when the solid target is
immersed in liquid media [10e16].

Silicon (Si) and Silicon dioxide (SiO2) NPs have found potential
thi).
applications in and as light-emitting devices, catalysis, electronics,
thin film substrates, humidity sensors [17e19] and energy sources
[20]. There exist several chemical techniques for the synthesis of Si/
SiO2 NPs like sol-gel method [21], microemulsion method [22],
chemical vapor deposition (CVD) [23] etc. Unlike these processes,
laser ablation of Si-target in the liquid media has been proven an
easy and green (no contamination) technique for the synthesis of
pure Si nanoparticles [11,12]. However, an alternate to the expen-
sive Si targets remains a challenge for the large scale synthesis of Si
NPs using laser ablation techniques.

Here, we report economic, eco-friendly alternative and effective
way to synthesize Si/SiO2 NPs from the naturally occurring silicate-
rich garnet rocks. This is the first report on the synthesis of Si/SiO2
NPs from naturally occurring rock “Pyrope garnet”. In this study, we
have investigated the elemental composition of the garnet using
LIBS technique and report the successful synthesis of Si/SiO2 NPs
using nanosecond laser ablation in deionizedwater. In addition, the
effects of laser ablation time (LAT) on the ablated mass of the
synthesized NPs are investigated and the results are discussed.
2. Materials and methods

A rock from the garnet group (as shown in Fig. 1) was collected
from Assam Linzey, East Sikkim Gangtok. The garnet was cut into a
planar sheet and was sonicated for an hour in deionized water. LIBS
experiment was carried out using a Q-switched Nd:YAG laser
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Fig. 1. Experimental setup for laser ablation, where M is 99.9% reflecting mirrors used
for laser beam guiding.

Fig. 3. The Raman spectra of garnet (a) before ablation and after the ablation for (b)
10 min, (c) 20 min and (d) 30 min. The spectra are bore-shifted for clarity.
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system (Litton Laser, LPY 707G-10) operating at 1064 nmwith 8 ns
pulse duration, and a repetition rate of 10 Hz. The LIBS spectra were
recorded using Ocean optics USB 2000þ spectrometer coupled
with charge coupled device (CCD) in the range of 200e900 nm. For
LIBS measurement the garnet target was irradiated with a laser
pulse energy of 250mJ, focused on the surface of the target by using
a quartz lens (150 mm focal length). The LIBS setup was further
utilized for the synthesis of nanoparticles in deionized water and
the experimental setup is shown in Fig. 1. The garnet target was
placed at the bottom of a Pyrex cell containing deionized water
(18.2 MU cm at room temperature) and placed normal to the laser
beam (beam waist of 8 mm), which was focused on the garnet
surface using the quartz lens. Height of deionized water is 10 mm
above the garnet target which was continuously stirred with the
help of magnetic stirrer at 800e900 rpm so that the synthesized
NPs are properly dispersed in the medium. Formation of large
crater is avoided by moving the beaker containing target manually.
The formation of large-sized crater(s) is detrimental for ablation
efficiency since the input energy is not coupled to the target pro-
ficiently. Pulse energy of 90 mJ was used for laser ablation which
was kept fixed throughout the experiment. The estimated spot area
of laser on the target and the fluence are 4:8� 10�3cm2 and
19 J=cm2 respectively. The time of ablation was varied from 0 to
30 min in an increment of 10 min. A reasonable step size of 10 min
was kept in order to observe changes in the ablated mass in each
Fig. 2. LIBS spectra of the garnet in the range (a)
synthesis step as the ablation rate estimated gravimetrically [24] is
found to be low (18 mg=s). Before performing optical and structural
analysis, the ablated mass was filtered with Whatman filter paper
with pore size of 11 mm.

The absorption spectra of as-synthesized NPs were recorded
using Perkin-Elmer Lambda 750 spectrometer. The photo-
luminescence (PL) spectra of synthesized NPs were recorded by
using Perkin-Elmer LS55 spectrometer at the excitationwavelength
of 348 nm. Renishaw inVia RM2000 spectrometer with excitation
wavelength 785 nmwas used to collect the Raman spectra. The size
distribution of the NPs has been estimated by using Transmission
Electron Microscope (TEM) (Technai, equipped with thermo-ionic
electron gun working at 200 kV). The colloidal solution of nano-
particles were drop-casted onto Cu coated TEM grids for TEM
characterization.
3. Results and discussion

3.1. Elemental analysis of Pyrope garnet

The elemental analysis of the Pyrope garnet is performed by
using the LIBS technique [4,5]. The LIBS spectrum of Pyrope garnet
sample is shown in Fig. 2. The spectrum consisted of characteristic
atomic lines which are identified using NIST database [25]. The
signatures of elements like Mn-I (278.92 nm), Fe-I (373.03 nm), O-I
200 nme450 nm, and (b) 450 nme900 nm.
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(382.25 nm), Ca-I (392.56 nm), O-II (395.42 nm), Fe-I (421.75 nm),
Fe-II (496. 83 nm), Al-II (515.82 nm), Fe-II (525.40 nm), Si-II
(556.83 nm), Si-II (566.06 nm), and O-I (777.18 nm) are noted.
From the figure, it can also be seen that Ca-I (392.52 nm), O-II
(395.42 nm), O-I (777.19 nm), Fe-I (373.03 nm, 421. 75 nm), Fe-II
(496.83 nm, 525.40 nm) and Si-II (556.83 nm, 566.06 nm,
614.24 nm) exhibited more intense peaks as compared to that of
other observed elements. The elemental composition is compared
with Ruff databse [26] and found to be in agreement with the Py-
rope garnet (origin: Warsik, Pakistan).

3.2. Raman and EDS of ablated mass

Fig. 3 shows the Raman spectra of powdered Pyrope
garnet along with the ablatedmass obtained after the ablation time
of 10, 20 and 30 min. In Fig. 3 (a), spectra of powdered Pyrope
garnet is shown. Raman shifts at 369 cm�1 and 387 cm�1 are
assigned to rotational mode of R (SiO4) whereas the shifts between
555 and 630 cm�1 and above 675 cm�1 are assigned to the internal
stretching and bending mode of Si-O in tetrahedral SiO4 respec-
tively. The observed Ramanmodes of Pyrope garnet are in line with
the previously assigned vibrational modes of Pyrope garnet
[27e29]. Upon laser ablation of Pyrope garnet (Fig. 3(b and c), the
Raman mode at 462.2 ± 0.1 cm�1 is observed whose position re-
mains unchanged with the ablation time of 10 min and 20 min and
their full width at half maxima (FWHM) is found to be
7.7 ± 0.2 cm�1 and 8.5± 0.3 cm�1 respectively. As reported by Alessi
et al., 2013 [30], the observed Raman mode at 462 cm�1 can be
attributed to the R line of SiO2 nanoparticles. Upon laser ablation of
30 min, this mode (462 cm�1) shifts towards the higher wave-
number (469 cm�1) as indicated by an arrow in Fig. 3(d) and has
FWHM of 8.9 ± 0.8 cm�1. This shifts towards the higher wave-
number could be attributed to the smaller size SiO2 NPs upon
prolonged ablation. Energy dispersive X-ray spectroscopy (EDS) of
laser ablated garnet particulates in water has also been performed.
It has been observed that in addition to O (wt.% ¼ 64.67),
Si(wt.% ¼ 10.52), Ca (wt.% ¼ 14.28) and trace elements like Mg
(wt.% ¼ 6.92) and Al (wt.% ¼ 3.61) are present in the ablated garnet
solution.

For the ns pulse with a high fluence, ablation of the metal target
occurs due to plasma formation and eventually, the constituents of
plasma forms nanoparticles [31]. Therefore, it is expected to have
mixtures of NPs of Mg, Al and Si during the ablation of the Pyrope
garnet. However, only Si/SiO2 NPs are observed in the present case.
Fig. 4. (a) Crystal structure of Pyrope garnet showing the surface contain most of the S
Despite increasing the ablation energy from 90 mJ to 120 mJ, the
traces of Mg, Al or their oxides NPs remain unseen (see Fig. S.1 in
supplementary information). This may be attributed to the pres-
ence of Si, Al, and Mg oxides in the garnet where the energy pro-
vided is not enough to dissociate the bonds to form individual
elements. It is demonstrated by the following calculation: Pyrope,
chemical formula Mg3Al2(SiO4)3 (as shown in Fig. 4(a)) [32], is
combination of 3 MgO (dissociation energy of 3�394 kJ/
mol) þ Al2O3 (dissociation energy of 1675 kJ/mol) þ 3 SiO2
(dissociation energy of 3�798 kJ/mol). Therefore, the energy
required to break bonds of 1 mol of Pyrope would be 5�103 kJ/mol.
The density and molecular weight of Pyrope is 3.74 g/cm3 and
403.13 g respectively. For 1064 nm laser, ablation depth would be
very small and the energy dissipation may be limited to the surface
only (as shown in Fig. 4(b)). This means that hardly 0.01 mol are
exposed to 19 J upon laser ablation. The energy required to break
the bonds of 0.01 mol would be approximately 50 kJ which is
beyond the 19 J limit. In the presented work, ablation process is
purely thermal where the process of melting and vapourization of
the target is involved. Pulse width of 8 ns is enough to allow the
melted material to reach liquid-vapor equilibrium [33] and the
formation of nanodroplets will be preferred over the plasma.
Assuming congruent melting of Pyrope upon laser ablation into the
immiscible liquids of Al, Mg and Si oxides, SiO2, being less dense
and more volatile [34], will have more participation in the nano-
droplet formation as compare to Mg and Al oxides. In one of the
recent reports wherein Mica sheet was ablated with 40 fs laser
pulse with waist size of z 30 mm and the input energy of 100 mJ
[35], the formation of Mg NPs and there derivatives has been re-
ported. The fluence of the laser pulses used there was >102 kJ/cm2,
which is probably sufficient to dissociate the bonds involved. The
pulse width (z 40 fs) being far less than electron phonon coupling
time [36], thermal effect is minimal and ablation will involve the
process of sublimation. The enthalpy of vapourization of Mg being
less, participation of Mg will be more as compared to other con-
stituents. In addition to Mg, Al, O and Si we have seen the presence
of Ca in the sample which might be due to the presence of natural
contaminants on surface like traces of andradite garnet. Despite the
wt. % of calcium is more than that of Si, the formation of Ca-NPs is
ruled out due to the high reactivity of Ca ions [37] and the absence
of capping agents in the solution. However, further detailed ex-
periments with different composition of the target and specifically,
different focal condition are being planned to completely under-
stand and explain the phenomenon observed in the present
ilicon and Oxygen, (b) Nanosecond pulse laser interaction with the garnet target.
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experiment.
Fig. 6. HRTEM image of Si NPs obtained when the garnet was ablated for (a) 20 min
and (b) 30 min showing [111] crystal plane, and the inset shows its fast Fourier
transform. (c) and (d) show SAED patterns of colloidal Si/SiO2 NPs when the garnet was
ablated for 20 and 30 min respectively.
3.3. TEM analysis

Fig. 5(a and b) show TEM micrographs of colloidal Si/SiO2 NPs
obtained upon the laser ablation of the garnet target for 20 and
30 min respectively. Their respective size distributions are shown
in Fig. 5 (c and d). The NPs are nearly spherical in shape and have
wide size distribution in the range 7 nme75 nm (average NPs
size ¼ 25 nm) when the garnet target is ablated for 20 min. Like-
wise with increase in ablation time to 30 min, NPs with an average
size of 23 nm are obtained with similar size distribution ranging
between 12 nm and 62 nm. These results demonstrate that the size
of Si/SiO2 NPs does not change significantly with increase in laser
ablation time from 20 to 30 min. It is evident that the colloidal
solution contains significant amount of large sized particulates
(100 nm- 500 nm) on which the smaller sized NPs are been
adsorbed/deposited (additional images are provided in
Supplementary Figure S.2). These large sized particulates may be
the unvaporized melts of garnet consisting of Si, Al, Mg and their
oxides (as observed from EDS data) which have probably re-
solidified and are deposited on the target in the form of debris
[38]. The debris is in general amorphous in nature (because of slow
cooling) and are weakly attached to the target. It can be further
ablated with the subsequent laser pulses and/or is stirred away
from the interaction zone by thewhirling liquid [39]. NPs present in
the solution can get adsorbed on debris and may interact with its
local environment during the ablation time. However, the optical
measurements, as discussed in the latter section, show absence of
any interactions between the NPs and the debris.

Fig. 6 (a and b) show HRTEM image of single NP obtained when
the garnet was ablated for 20 and 30 min respectively. The
Fig. 5. TEM images of the Si/SiO2 NPs synthesized from the garnet for ablation time (a)
crystalline lattice plane with an inter-planar distance of 0.30
(±0.01) nm is observed corresponding to the [111] lattice plane of Si
NPs [12,40e42]. It is evident that with increase in the laser ablation
time the crystalline nature of the as-synthesized Si NPs remains
20 min and (b) 30 min whose size distribution is given in (c) and (d) respectively.
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unchanged [11,12]. Fig. 6 (c and d) show SAED patterns of the
colloidal Si/SiO2 NPs obtained when the garnet was ablated for 20
and 30 min. The SAED pattern reveals the presence of [111], [220],
[311] and [320] cubic planes of Si NPs for which the inter-planar
distances are found to be around 0.300 nm, 0.185 nm, 0.156 nm
and 0.145 nm respectively. In addition, the lattice planes [210] and
[110] of cubic SiO2 NPs are also observed with respective inter-
planar distances 0.156 nm and 0.244 nm [43].
Fig. 8. PL spectra of Si/SiO2 NPs synthesized from the garnet while ablating for (a)
10 min (dash line) (b) 20 min (Solid dash line) and (c) 30 min (dotted line). Inset
correspond to the curve fitting of the PL spectrum of Si/SiO2 NPs obtained from 10 min
ablation of the garnet.
3.4. Effect of laser ablation time on the optical properties of Si/SiO2

NPs

Fig. 7 (a, b and c) show the UVeVisible absorption spectra of
colloidal NPs synthesized from the laser ablation of the garnet and
having ablation time of 10 min, 20 min and 30 min respectively. In
inset of Fig. 7 the absorption spectrum of the sample ablated for
10 min was fitted with two peaks at 256 ± 3 nm and 346 ± 3 nm
which are attributed to the presence of SiO2 NPs [18,44e46] and Si
NPs [40,47e50], respectively. The respective linewidths of 256 nm
and 346 nm peaks are found to be 79 ± 6 nm and 57 ± 3 nm. Upon
prolonged ablation of garnet in water, the observed peak positions
and their linewidths remain unaltered. This can be attributed to the
presence of homogeneously distributed Si/SiO2 NPs in the solution.

Fig. 8(a, b and c) show the PL spectra of the sample ablated for
10 min, 20 min and 30 min respectively. In all three cases emission
is broad (ranges from 360 nm to 550 nm) and having maximum PL
intensity around 430 nm. The broad emission is in the conformity
with observed wide size distribution (7 nm-75 nm) of the syn-
thesized NPs. In inset of Fig. 8, PL spectrum of the sample ablated
for 10 min is shown which can be fitted with three Gaussian peaks
P1 (centered at 415.6 ± 0.2 nm), P2 (centered at 433 ± 1 nm) and P3
(centered at 464 ± 2 nm). The linewidths of the de-convoluted
peaks P1, P2 and P3 are found to be 23.3 ± 0.8 nm, 38 ± 1 nm
and 78 ± 1 nm respectively. With change in the ablation time, no
significant change in the peak positions is observed. The origin of
peaks P1 and P2 in the blue region can be attributed to the quantum
size confinement effect or to the presence of defects state [51]. Yang
et al. [52,53] in his work, where Si NPswere synthesized by ablating
Si target in water environment, have reported the presence of two
distinguished PL peaks at 415 nm and 435 nm. These peaks are
Fig. 7. UVeVisible absorption spectra of Si/SiO2 NPs synthesized from the garnet while
ablating for (a) 10 min (b) 20 min and (c) 30 min. Inset corresponds the curve fitting of
the absorption spectrum of Si/SiO2 NPs obtained from 10 min ablation of the garnet.
ascribed to the excitons which tend to transfer and recombine at
the interface area between Si NPs and surrounding SiOx (0< x<2)
layers giving rise to strong blue PL. The separation between the two
peaks is attributed to the presence of stretching vibrational mode of
Si-O-Si. In our case separation of these peaks is not been observed
which might be due the synthesis of bigger size NPs as compare to
them. The formation of SiOx layer is because of the replacement of
dangling bonds and the dimers surrounding the Si NPs with OH
termination, which is present because of the fragmentation of the
water molecules. Si-OH bond formed will eventually condensed to
form oxides layer [54]. In addition to P1 and P2 the broad peak P3
that extend from blue to green region is also been observed.
Commonly the blue green PL emission is attributed to the F-band
transitions in SiO2 nanoparticles. The emission is mainly attributed
to Si-OH group which are adsorbed on the Si or SiO2 nanostructure
while being immersed inwater [55,56]. As the observed absorption
and PL spectra of these NPs are analogous to those of Si/SiO2 NPs,
we believe that the synthesized NPs, despite being adsorbed/
deposited on the debris, do not have notable interaction with its
environment. This could be because the NPs are adsorbed only on
the surface of the debris with weak adhesive force.

The area under any spectral peak is attributed to the measure of
number of particles involved in that absorption/emission [57]. In
order to understand the effects of ablation time on the yield of Si/
SiO2 NPs, we have investigated the area of the peaks observed in
UVeVisible and PL spectra. As mentioned earlier, the absorption
peaks at 346 nm and 256 nm are attributed to Si NPs and SiO2 NPs
respectively whereas PL peaks P1 and P2 are attributed to Si NPs
and, P3 peak is attributed to SiO2 NPs.

Fig. 9 (a and b) show the relative yield (in percentage) of Si NPs
and SiO2 NPs as a function of laser ablation time as obtained from
the absorption and PL measurements respectively. In Fig. 9(a), with
increases in ablation time from 10 to 20 min, Si NPs yield increases
from 16 (3)% to 30 (5)% whereas for SiO2 NPs, the yield drops from
84 (19)% to 70 (12)%. Upon further increase in the ablation time to
30 min, Si NPs yield drops to 19 (4)% whereas that of SiO2 NPs in-
creases to 81 (19)%. In general, increase in ablation time increases
the yield of the nanoparticles [58]. However, the observed decrease
in the yield of Si NPs for 20e30 min ablation time is attributed to
the formation of the particles cloud which shields the actual laser



Fig. 9. Area percentage obtained from (a) UVeVisible absorption and (b) PL spectra of Si/SiO2 NPs as a function of laser ablation time.
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power reaching to the target surface [58,59]. On the other hand,
when the garnet is being exposed to the laser for longer time, the
generation of high temperature in the vicinity results in oxidation
of Si to SiO2 NPs [12,60,61]. We did not extended the ablation time
beyond 30 min because after that, the concentration of SiO2 NPs
were dominant over that of Si NPs. Similar trend in the yield per-
centage of Si and SiO2 NPs is observed from the PL measurement as
shown in Fig. 9(b).
4. Conclusions

In summary, successful synthesis of Si/SiO2 NPs is achieved us-
ing laser ablation of naturally occurring Pyrope garnet rock. These
NPs have cubic structure with an inter-planar distance of 3.0 Åand
are nearly spherical in shape with wide size distribution between
7 nm and 75 nm. While exciting the samples at 348 nm, a strong
blue luminescence is observed near 430 nm. The observed PL
spectrum can be fitted with three Gaussians peaks centered at 420,
433 and 454 nm. The origin of peaks 420 and 433 nm has been
attributed to the near interface traps at Si-NPs having a coat of SiOx

whereas 454 nm peak is assigned to SiO2 NPs. The presence of SiO2
NPs in all the samples has been further confirmed by the appear-
ance of Raman peak at 462.2 cm�1 which has been ascribed to the R
line of SiO2 NPs. In addition, time dependent ablation of garnet
samples and their optical spectra are also examined revealing that
the synthesis of Si NPs is favored over that of SiO2 NPs when the
sample is ablated for 20 min in water. Unlike pure targets, the
ablation mechanism is not straightforward and may depend on the
crystal structure, binding energy, bond strength etc. other than
input laser and physical parameters. A detailed study may be
required to understand the synthesis process of a selective nano-
particle from the complex composition. To the best of our knowl-
edge, this is the first report of the synthesis of Si NPs by the laser
ablation of naturally occurring silicate rocks. This procedure has the
potential to be scaled up as low cost method towards the mass
synthesis of silicon and other novel NPs for various applications
such as electronics and optoelectronics.
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