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Abstract. The possibility of manufacturing silicon nanoparticles by 
picosecond laser fragmentation of silicon microparticles in water is 
analysed. It is shown that for fragmentation duration of 40 min, the 
dependence of the average sizes of particles on the initial mass con-
centration of the micropowder varied in the range of 0.5 – 
12 mg mL–1 is nonmonotonic, with the maximum average size of 
165 nm being achieved at a concentration of 5 mg mL–1. To explain 
the obtained result, the simulation of propagation of a focused laser 
beam in a scattering suspension of silicon microparticles is per-
formed for their different mass concentrations. It is demonstrated 
that at concentrations not exceeding 5 mg mL–1, fragmentation 
occurs in the paraxial region of the beam when it propagates deep 
into the cuvette with a suspension, while at higher concentrations it 
occurs primarily in the superficial layer owing to strong extinction. 
Calculations results allow the experimental features of the forma-
tion of silicon nanoparticles to be explained. Spectrophotometry 
measurements on suspensions of nanoparticles obtained at the ini-
tial concentration of microparticles of 12 mg mL–1 are compared 
with the theoretical estimates of the absorption and scattering coef-
ficients obtained in the framework of the Mie theory. Measured 
optical properties indicate the potential of using fragmented 
nanoparticles as scattering and/or absorbing contrast agents in 
optical imaging of biological objects.

Keywords: silicon micro- and nanoparticles, laser fragmentation in 
liquids, light scattering, Monte Carlo technique, spectrophotometry.

1. Introduction

Progress in the use of silicon nanoparticles (SiNPs) in such 
biomedical applications as targeted drug delivery [1, 2], fluo-
rescence imaging of biotissues [3, 4], ultrasound [4] and pho-
todynamic [5 – 7] therapy, hyperthermia [8 – 10] and optical 
coherence tomography (OCT) [11] is inextricably linked with 
the ongoing development of nanostructuring technologies for 
this material. Electrochemical etching is a traditional 
approach to fabricating porous silicon layers that are subse-
quently mechanically or ultrasonically ground to produce 
SiNPs suitable for the abovementioned applications, because 
such SiNPs have a low degree of toxicity and a relatively fast 
degree of biodegradation in living organisms [1 –  4]. Besides 
porous silicon, arrays of silicon nanowires can also be used as 
a nanostructured basis for the SiNP production [12, 13]. 
However, as a rule, in the listed cases, mechanical or ultra-
sonic grinding of porous matrices cannot be treated as an ulti-
mate technological stage in terms of controlling particle size 
distributions in a wide range and does not allow one to avoid 
residual undesirable chemical impurities after chemical etch-
ing of silicon.

To a large extent, the method of pulsed laser ablation of 
silicon in various liquids is free of these drawbacks, while the 
choice of a proper liquid along with varying the parameters of 
laser irradiation allows fabricating SiNPs with desired size dis-
tributions in the range from a few to hundreds of nanometres 
with a high degree of chemical purity [14 – 16]. SiNPs formed 
using this approach can be used for fluorescence imaging of 
biological tissues [17], contrasting images in biotissue visualisa-
tion using optical coherence tomography [11,  16,  18], in photo-
dynamic therapy [19], tissue engineering [20], and photohyper-
thermia [21, 22]. A significant disadvantage of this approach is 
the requirement to use lasers for ablation that generate high-
power pulses with a high repetition rate in order to ensure the 
fabrication of SiNPs at concentrations sufficient for use in the 
mentioned applications. Nevertheless, the requirements to a 
laser source can be reduced by using preliminarily nanostruc-
tured porous targets with a reduced ablation threshold com-
pared to crystalline silicon. Layers of porous silicon [23] or 
arrays of silicon nanowires [24] can serve as such targets. The 
SiNPs formed using this approach are of undoubted interest 
for biophotonics due to their fluorescence properties and effi-
cient light scattering in the diagnostic transparency window of 
biological tissues [16, 25].

Laser fragmentation of silicon preliminarily mechanically 
ground into particles of micron or submicron sizes in liquids 
is a simpler, but yet effective technology from the point of 
view of SiNP production. In this case, in the absence of any 
chemical processing of silicon in the ablation in a sufficiently 
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large volume of a suspension, in contrast to a planar target, 
allows fabricating ensembles of nanoparticles with relatively 
narrow size distributions [26, 27] and a high degree of crystal-
linity [28]. Currently, there is every reason to believe that the 
sizes of the fabricated SiNPs depend on the initial concentra-
tion of silicon in suspension. However, the results obtained 
earlier show both an increase in the average SiNP size with 
increasing concentration [26, 27], and vice versa [29]. It is 
important to note that these works present only empirical 
dependences of the sizes of fragmented SiNPs on the con-
centration without a detailed theoretical substantiation of 
the results obtained. Moreover, in previous studies, the ini-
tial concentration of silicon microparticles was limited to 
1 mg mL–1. Therefore, further studies are required, taking 
into account the features of the propagation and focusing of 
a high-power laser beam in suspensions of silicon micropar-
ticles (SiMPs) with various concentrations, including rela-
tively high ones. An additional study of light scattering and 
absorption of already fragmented SiNPs is also needed in 
order to assess the prospects for their further use as contrast 
agents in problems of visualisation of biological objects.

In this work, SiNP suspensions were fabricated by pico-
second fragmentation of SiMPs in water with varying the ini-
tial concentration of irradiated microparticles in the range 
from 0.5 to 12 mg mL–1, and numerical simulation of the pro-
cess of laser pulse propagation in such media and absorption-
induced heating and melt of microparticles was performed. 
The simulation of radiation propagation in the medium was 
performed by the Monte Carlo technique, while the calcula-
tion of temperature maps was carried out using the local 
application of the heat balance equation. Based on spectro-
photometric data in the wavelength range of 400 – 1000 nm, 
we analysed the spectra of the elastic scattering and absorp-
tion coefficients for the SiNP suspension produced by laser 
fragmentation of SiMPs with a concentration of 12 mg mL–1. 
The mass outcome for fragmentation products and further 
potential of such nanosystems for contrasting biotissues were 
estimated.

2. Materials and methods

2.1. Samples under study and experimental techniques 

For SiNP fabrication, the SiMPs with a size of 1 – 8 mm 
(Fig. 1) produced by mechanical grinding of crystalline chem-
ically pure (99.99 %) silicon (Plazmaterm Ltd, Russia) were 
used as targets for laser fragmentation.

Fragmentation was performed in fixed glass cuvettes with 
a base of 10 ´ 10 mm, filled to a height of 10 mm with suspen-
sions of the SiMPs with various mass concentrations C in dis-
tilled water (Table 1). The mass of the dry micropowder 
before being suspended in water was measured by the gravi-
metric method. Immediately before fragmentation, the sus-
pension in the cuvette was homogenised using an ultrasonic 
bath.

The impact on the water suspension of SiMPs was per-
formed using the radiation of a picosecond Nd : YAG laser 
EKSPLA PL2143A (Lithuania) (wavelength of 1064 nm, 
duration of 34 ps, energy of 16 mJ and pulse repetition rate of 
10 Hz). The fragmentation time was 40 or 90 min (Table 1). 
Radiation was injected using a fixed system of mirrors 
through the open upper part of the cell normal to its base 
by focusing the Gaussian beam by a lens with a focal length 
fl = 80 mm to the centre of the irradiated suspension, corre-
sponding to a depth of zf = 5 mm from the liquid surface. The 
laser beam radius on the water surface was estimated as r = 
r0 zf /fl = 0.25 mm, where r0 = 4.0 mm is the beam radius at the 
laser output. 

The use of water as a buffer medium, on the one hand, 
allows relatively stable SiNP ensembles to be formed in the 
ablation regime [23 – 26], and, on the other hand, suggests fur-
ther use of the produced SiNP suspensions directly in experi-
ments with biological tissues and their phantoms due to the 
compatibility of this fluid with living organisms.

Separation of SiMPs that did not undergo fragmentation 
was carried out by sedimentation in prepared suspensions 
using an Eppendorf centrifuge 5424 (Germany) for 2 min at 
3000 rpm and 7 min at 14000 rpm.

To study the structural properties of SiNPs, droplets of 
the fabricated suspensions were deposited on silicon or glass 
substrates. After drying, SiNPs on the substrates of the first 
type were analysed by scanning electron microscopy (SEM) 
using a Carl Zeiss Supra 40 (Germany) electron microscope; 
while for the SiNPs on the substrates of the second type 
Raman spectra were measured using a Horiba Jobin Yvon 
HR 800 (France) microscope with a probing He – Ne laser at 
a wavelength of 633 nm and a maximum power of 3 mW. Size 
distribution histograms of fabricated SiNPs were constructed 
based on the obtained SEM images. The sample size for con-
structing each histogram was 200 – 1000 particles. The values 
of the electrokinetic potentials (z-potentials) of SiNPs in sus-
pensions were measured using a Malvern Zetasizer NANO-ZS 
analyser (UK).

The analysis of light scattering and absorption character-
istics in the studied SiNP suspensions in water was carried out 
by measuring their collimated and diffuse transmission spec-

2 mm

Figure 1. SEM image of the initial powder of microcrystalline silicon. 

Table 1. Parameters of SiNP fabrication by laser fragmentation of 
SiMP suspensions in distilled water.

Fragmentation 
time/min

Initial SiMP  
concentration/
mg mL–1

Average  
SiNP size/nm

Standard 
deviation/nm

40

0.5 134 49

1.8 149 60

5.0 165 76

7.0 146 51

12.0 147 56

90 5.0 111 48
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tra, as well as diffuse reflection spectra in the wavelength 
range of 400 – 1000 nm using an Analytik Jena SPECORD 
250 spectrophotometer equipped with an integrating sphere. 
Suspensions were placed in quartz cells with a distance of 
1 mm between the walls and were ultrasonicated immediately 
prior to measurements to eliminate possible agglomeration 
and sedimentation of SiNPs in suspensions. Reconstruction 
of the scattering coefficient ms, absorption coefficient ma, and 
anisotropy factor g = ácos qñ (q is the scattering angle) was 
performed based on the spectrophotometric data using the 
inverse Monte Carlo method described in detail in [25]. The 
final spectra of the SiNP absorption coefficient are given after 
subtracting the contribution of water absorption in the stud-
ied wavelength range. To analyse the fractional content of 
particles in the final suspension, the measured spectra of the 
absorption and scattering coefficients were compared with 
the SiNP spectra calculated using the Mie formulae based on 
the histograms of the SiNP size distribution obtained by the 
SEM technique, in which the possible insignificant presence 
of a fraction of the initial SiMPs was taken into account as 
spherical particles of 5 mm in diameter. According to the best 
fit between the reconstructed and calculated spectra, two 
parameters were determined: the percentage of the SiMP frac-
tion and the total mass concentration of SiMPs and SiNPs in 
the final suspension. The obtained parameters were used to 
estimate the mass concentration of SiNPs with sizes below 
500 nm, which allows one to estimate the useful yield of laser 
fragmentation products.

2.2. Numerical simulation of focused laser beam propagation 
in an aqueous suspension of SiMPs and its heating

To understand the processes occurring during laser irradia-
tion of a SiMP suspension, it seems reasonable to estimate the 
temperatures reached by SiMPs and the probabilities of phase 
transitions in them. It should be taken into account that the 
establishment of equilibrium between the electronic and lat-
tice subsystems occurs at times much shorter than the dura-
tion of the employed laser pulse [30, 31]. At the same time, 
during the laser pulse impact the diffusion of heat is insignifi-
cant and can be omitted in estimation of the maximum tem-
peratures reached by SiMPs during irradiation. During the 
period between consequent laser pulses, the suspension cools 
down almost completely, and, in this connection, consider-
ation of the absorption of the energy of a single laser pulse is 
sufficient for simulations. 

The energy distribution of a single laser pulse absorbed by 
SiMPs and their temperatures reached were estimated using 
the Monte Carlo technique [32 – 34] for a single laser pulse 
with the characteristics listed above. The total considered vol-
ume is LxLyLz = 4 ´ 4 ´ 7.8 mm, in which, according to visual 
observations with an infrared imager, the most intensive 
interaction of radiation with SiMPs suspension occurs. The 
computational grid for the energy absorbed by silicon and its 
temperature in water suspension was an array of rectangular 
voxels with dimensions of u = DxDyDz = 0.01 ´ 0.01 ´ 
0.03  mm. The grid size was governed by the choice of suffi-
ciently large (on the order of several units) values of ratios  
2r/Dx and b/Dz, where b is the confocal parameter. 

To simulate the propagation of a Gaussian beam with 
given focusing parameters, a quasi-optical approximation 
was employed. The coordinate system was chosen in such a 
way that the origin of coordinates is placed on the suspension 
surface, and the z axis is directed along the beam axis into the 

medium. The initial coordinates x0, y0 of each photon at the 
boundary plane (z = 0) were set using the Box – Muller trans-
formation [35]:

x r

2
0 1x= ,   y r

2
0 2x= , (1)

where x1 and x2 are random values distributed according to 
the Gaussian law with M = 0 and s = 1. The initial direction 
vector of the photon velocity was set in the direction of the 
focal point, which corresponds to the formation of the focus 
in the geometrical optics approximation. Since the selected 
size of the voxel exceeds the beam waist radius rf = f1 l/(pr0) = 
0.0034 mm, this simplification of the angular distribution 
does not distort the beam profile, since it adequately describes 
its shape outside the waist.

For a wavelength of 1064 nm, the imaginary part of the 
crystalline silicon refraction index has a strong dependence on 
temperature [36]:

( ) [12.991 (0.0048 )expT T
4p

k l
=

 52.588 ( 0.000226 )]exp T- - , (2)

while its real part depends on temperature as [37, 38]

n(T ) = 3.554 + 2.7 ´ 10–4T. (3)

For molten silicon and the considered wavelength, the 
real and imaginary parts of the refractive index are n = 5 and 
k = 6.8, respectively [39]. The refractive indices n of water and 
water vapour equal 1.32 and 1.00, respectively [40].

The optical properties of SiMP suspensions were calcu-
lated according to the Mie theory [41] in the model approxi-
mation of silicon spheres of 5 mm in diameter. Despite the fact 
that real particles have an irregular polyhedral shape and a 
polydisperse size distribution due to the peculiarities of 
mechanical grinding (Fig. 1), this approximation is justified 
both by the absence of a pronounced shape anisotropy [42, 43] 
and by the estimate of the average size of SiMPs (as 5 mm) 
without ability for extraction of an accurate size distribution 
of such particles. The probability of photon scattering at the 
polar angle q was determined by the Henyey – Greenstein 
phase function [44]:

( )
4 ( )cos

p
g g

g1
1 2

1
/2 3 2

2

p
q

q
=

+ -

-
. (4)

Table 2 shows the variation ranges of the scattering and 
absorption cross sections ss

SМP and sa
SМP, as well as the mean 

cosine of the scattering angle (anisotropy factor) gSМP of a 
single SiMP for temperatures in the range from room tem-
perature T0 = 300 K to the melting temperature of silicon 
Tm = 1687 K, and from Tm to silicon evaporation temperature 
Tev = 3473 K [45]. The scattering cross section of a single 
SiMP in the water suspension weakly depends on tempera-
ture, while its absorption cross section increases significantly 
with increasing temperature. 

The absorption coefficient of radiation by water is ma
wat = 

0.15 cm–1, while in the simulation the phase transition of 
water into water vapour was taken into account, as a result of 
which the medium surrounding SiMPs becomes nonabsorb-
ing [46]. It is assumed in the calculations that the volume frac-
tion of SiMPs in suspension is small, and the scattering and 
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absorption coefficients can be considered as additive quanti-
ties [47]:

Na
susp

a
wat

a
SMPm m s= + , (5)

Ns
susp

s
SMPm s= , (6)

t
susp

s
susp

a
suspm m m= + , (7)

g gsusp SMP= ,  (8)

where N is the concentration of particles in the suspension, 
related with the mass concentration C of SiMPs in the suspen-
sion as

NC d
6

1 3pr= .  (9)

Table 3 presents the physical and optical properties of the 
considered SiMP suspensions used in the calculations. For 
the scattering and absorption coefficients, the ranges of their 
variation for temperature varying from T0 to Тev are indi-
cated.

Thus, the simulations of the propagation of a single pico-
second pulse of fragmenting laser radiation in a SiMP suspen-
sion requires simultaneous assessment of the absorbed energy 
and local temperature distributions. Therefore, the calcula-
tion was an iterative procedure consisting of the successive 
calculation of the distribution of the absorbed light energy in 
the medium and the heating of the medium caused by this 
absorption [48]. To account for the temperature dependence 
of the absorption of a laser pulse by silicon in a suspension, 
the calculation of the propagation of an initial pulse with an 
energy of 16 mJ consisted of 20 successive stages. The optical 
properties of the medium, ms

susp, ma
susp, and gsusp, within each 

voxel of the computational grid were considered constant. 
For each stage consisting of successive calculation of absorp-
tion and temperature maps in the SiMP suspension, simula-
tions were performed for 107 photons.

At the calculation of the ith stage, the total energy absorbed 
during i stages by the silicon mass mv = Cu located within a 
single voxel of volume v is a discrete function DH(x, y, z, i ), 
where x, y, and z are coordinates of the voxel centre. The energy 

absorbed by silicon in one voxel, DH(x, y, z, i ), was converted 
into its temperature Ti (x, y, z) for each voxel (x, y, z) by solving 
the heat balance equation for silicon mass mv:

DH(x, y, z, i ) = DH(x, y, z, i  – 1) 

 + cSi Ti – 1 (x, y, z) mv [Ti (x, y, z) – Ti – 1 (x, y, z)],  (10)

where cSi   is the temperature-dependent heat capacity of sili-
con (c c ( )Si Si

1
= =  0.7 J g–1 and c c ( )Si Si

2
= =1 J g–1 for tempera-

tures below and above Ta = 1373 K, respectively) [45]; and 
Ti (x, y, z) and Ti – 1 (x, y, z) are the temperatures in the voxel at 
stages i and i – 1, respectively. 

Phase transitions were carefully taken into account by 
comparing the value of DH(x, y, z, i) at each stage with thresh-
olds DHm1, DHm2, and DHev1, required for heating the silicon 
with mass mv to the melting temperature, to completely melt 
it, and to heat silicon melt to the evaporation temperature, 
respectively. To calculate these heats, the following formulae 
were employed

( ) ( )H c m T T c m T T1
( ) ( )

m Si v a Si v m a
1

0
2D = - + - , (11)

H H q m2 1m m m vD D= + , (12)

( )H H c m T T( )
ev m Si v ev m2

2D D= + - ,  (13)

where qm is the specific heat of silicon melting equal to 
1.8 kJ (g °C)–1 [49].

Thus, the silicon temperature distribution map T (x, y, z)
was obtained in a suspension irradiated by a single laser pulse.

3. Results and discussion

3.1. Size distributions of nanoparticles fabricated  
in different regimes of laser fragmentation 

According to the SEM data, all fragmented SiNPs are quite 
smooth and have a shape close to spherical one (Fig. 2a) and 
a polydisperse size distribution. The smooth shape and spher-
ical symmetry can be explained, as will be shown below, by 
the transition of silicon to a molten droplet-like state upon 

Table 2. Variation ranges of the scattering and absorption cross sections, as well as the anisotropy factor of a single SiMP in the considered 
temperature ranges calculated using Mie theory.

Phase state Temperature range/K
Scattering parameters

ss
SMP/mm2 sa

SMP/mm2 gSMP

Crystalline silicon in water  
and water vapour

300 – 1687 28.63 – 45.49 0.096 – 15.95 0.47 – 0.74

Molten silicon  
in water vapour

1687 – 3473 37.23 7.08 0.58

Table 3. Physical and optical characteristics of SiMP suspensions used in the simulation.

SiNP mass concentration 
 С/mg mL–1 SiNM volume fraction f Concentration N/cm–3 ms

susp/mm–1 ma
susp/mm–1

0.5 2.15 ´ 10–4 3.28 ´ 106 0.094 – 0.149 0.015 – 0.052

1.8 7.73 ´ 10–4 1.18 ´ 107 0.338 – 0.537 0.016 – 0.188

5 0.0022 3.28 ´ 107 0.939 – 1.492 0.018 – 0.523

7 0.0030 4.59 ´ 107 1.314 – 2.088 0.019 – 0.732

12 0.0052 7.87 ´ 107 2.253 – 3.580 0.023 – 1.255
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1 mm 1 mm

ba

Figure 2. SEM images at (a) higher and (b) lower magnification of different areas of silicon substrates, where silicon particles were deposited after 
laser fragmentation of SiMPs with a mass concentration of 5 mg mL–1 for 40 min and centrifuging.
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Figure 3. Size distribution histograms derived from SEM data for SiNPs produced by laser fragmentation in water of initial microcrystalline silicon 
powder with concentrations of (a) 0.5, (b) 1.8, (c) 5.0, (d) 7.0, and (e) 12.0 mg mL–1 for 40 min and (f) with initial concentration of 5.0 mg mL–1for 
90 min.
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heating above the melting point of this material Tm = 1687 K 
as a result of laser fragmentation followed by cooling in a buf-
fer liquid.

It is worth noting that, in addition to fragmented SiNPs, 
even after centrifugation, an insignificant (in number) frac-
tion of microparticles that are not subjected to fragmentation 
(Fig. 2b) similar to the initial SiMPs (Fig. 1) remains in the 
suspension. The presence of this fraction indicates, firstly, a 
relatively low yield of the fragmentation product under the 
conditions of the experiment, and secondly, the probable 
diffusion of sedimented SiMPs into the region with SiNPs 
due to Brownian motion and spatial fluctuations in the dis-
tribution of this fraction within the cuvette volume under 
conditions of a real experiment. In the future, for further 
practical applications, the solution of the first problem can 
be found in the use of a laser source with higher repetition 
rates and pulse energies for fragmentation, while for the sec-
ond problem a solution can be found in additional filtration 
of the resulting suspension using membrane filters. As part 
of this study, based on the approximation of spectrophoto-
metric data, we estimate the ratio of the concentrations and 
mass contents of SiNPs and SiMPs remaining in suspension 
(see Section 3.3).

Since SiNP sizes no larger than 500 nm ensure efficient 
penetration of SiNPs into the body and their subsequent bio-
degradation and excretion [1, 3], the resulting fraction of frag-
mented particles is most interesting for biophotonics applica-
tions. SEM histograms of the size distributions of such SiNPs 
in all considered samples are shown in Fig. 3.

Polydisperse size distributions characterised by standard 
deviation values in the range from 48 nm to 76 nm (Table 1) 
are due to the formation of particle agglomerates of various 
sizes on different time scales at high temperature and pressure 
gradients in a medium irradiated by high-power laser pulses 
[50]. The average sizes and standard deviations of the pro-
duced SiNPs depend both on the initial mass concentration of 
SiMPs (Figs 3a – 3e) and on the fragmentation time (Figs 3c, 
3f). In the latter case, a noticeable decrease in both the aver-
age size from 165 nm to 111 nm and the standard deviation 
from 76 nm to 48 nm with an increase in the irradiation time 
to 90 min is associated with a larger number of interactions 
between laser radiation and SiMPs, secondary fragmentation 
of the already formed SiNPs, and well agrees with the mono-
tonic decrease in the particle diameter with increasing expo-
sure previously observed in [26].

A nonmonotonic dependence of the SiNP average sizes 
on the initial concentration of SiMPs was recorded for the 
first time: at concentrations not exceeding 5 mg mL–1, an 
increase in the average size from 134 nm (at a concentration 
of 0.5 mg mL–1) to 165 nm is observed; at higher concentra-
tions a decrease is observed most probably reaching satura-
tion at a value of about 147 nm (Table 1). Nevertheless, it is 
worth noting that an increase in the average size of SiNPs 
with an increase in the mass concentration of the initial 
powder of microcrystalline silicon under similar conditions 
of laser fragmentation was observed earlier in a work by 
Yu.V.Ryabchikov [26] at C £ 1 mg mL–1, which is in good 
agreement with our results for low concentrations. The 
inverse trend for low SiNP concentrations was observed in 
another paper [29] by the same author, where the synthesis 
of silicon – gold hybrid nanostructures using laser radiation 
was studied. However, in the latter case, a direct comparison 
of the results is not correct due to different technology 
employed consisting of several stages, including laser abla-

tion of planar targets, and the effect of laser radiation on a 
suspension of silicon and gold particles, which is different 
from pure silicon.

3.2. Effect of laser beam propagation regime  
on sizes of fragmented nanoparticles 

To explain the dependence of the average sizes of the SiNPs 
on the mass concentration of the microparticles in water, the 
propagation of the focused laser beam was considered in 
details accounting for the peculiarities of light scattering and 
absorbing by the SiMPs.

According to the technique described in Section 2.2, light 
energy absorption maps were calculated for a focused laser 
beam corresponding to the experimental conditions. Figure 4 
shows the depth dependences of the absorbed energy 
DH(0, 0, z, i ) on the axis of the beam at different calculation 
stages.

For a small initial SiMP concentration of 0.5 mg mL–1 
(Fig. 4a), the pulse scattering by the SiMP suspension is weak, 
and therefore the focusing of radiation in the medium is pre-
served (absorption maximum is located at the depth of zf = 
5 mm). With the increase in concentration  from 0.5 to 
5 mg  L–1 (Figs 4a – 4c), the radiation focusing is weakening, 
since the extinction by a turbid medium increases with increas-
ing concentrations of scattering centres together with the 
increase in the absorption of scattered radiation near the sur-
face (see Table 3). At concentrations of 7.0 and 12.0 mg  L–1 
(Figs 4d, 4e) the focusing area of the laser pulse is blurred, 
and the effective absorption by the SiMP suspension, suffi-
cient for melting silicon at these concentrations (DH  ³ DHm1) 
occurs near the surface in contrast to depths compared to the 
focus location zf = 5 mm, and the growth of the concentration 
leads to an increase in peak absorption and to a shift of the 
area of higher absorption towards the suspension surface. 
The size of the region where the absorbed energy exceeds 
DHm1 has the largest axial size for the concentration of C = 
0.5 mg mL–1 compared with higher SiMP concentrations in 
the initial suspension DHm1(С ), which is governed by an 
increased scattering due to an increase in the concentration of 
SiMPs in suspensions. It is worth noting that the trends 
described were also visually observed in the experiment on the 
heat glow of the fragmented areas in the suspension volume 
or the subsurface region, depending on the initial SiMP con-
centration.

Figure 5 shows the cross sections T (x, 0, z) (Figs 5a – 5d) 
and profiles T (0, 0, z) (Fig. 5e) of the distribution of silicon 
temperatures in the studied suspensions after absorption of 
the energy of a single laser pulse. For all the considered SiMP 
concentrations, a region exists, where silicon turns into to the 
molten phase, which confirms the assumption from Section 
3.1 on the reason for the smoothness of the SiNP shape and 
the possible mechanism of their formation. In the employed 
model the heat DH required for the heating of silicon to a 
fixed temperature increases with an increase in the volume 
fraction of silicon in the SiMP suspension; therefore, a 
decrease  in the area of effective heating is observed with 
increasing the SiMP concentration in the suspension (see 
Fig.  4).

The absorption and temperature maps allow estimating 
the total energy absorbed by silicon in the suspension in the 
melt region and the mass of molten silicon as

mm = Vm   f r,  (14)
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where Vm is the medium volume where the temperature Tm is 
reached, f is the volume fraction of silicon in the suspension, 

and r = 2.33 g cm–3 is the density of silicon [51]. The results of 
the estimates are presented in Fig. 6.

For SiMP concentrations below 5 mg mL–1, absorption 
prevails in the region along the laser beam axis, while near the 
focus the silicon temperature significantly exceeds the melting 
temperature reaching the evaporation temperature in some 
regions (Fig. 5f). With an increase in the SiMP concentration 
to 5 mg mL–1, the total absorbed energy in the molten silicon 
region and the mass of the melt (Fig. 6) decrease, because an 
increase in the concentration due to an increase in absorption 
and scattering results in a decrease in the intensity of the radi-
ation reaching the beam focus. Nevertheless, the focused 
beam in the suspension for this concentration demonstrates a 
pronounced beam waist of a scale of a transverse size of a 
voxel Dx = 0.01 mm (Figs 5a – 5c). When neglecting light scat-
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tering effects, the waist diameter of the focused beam used in 
our experiments can be estimated as dw = 0.014 mm [52]. 
Therefore, with a high accuracy, one can assume that at low 
mass concentrations of microparticles, their presence does 
not significantly affect the geometric characteristics of the 
beam waist affecting, however, suspension heating.

With a further increase in the SiMP concentration, the 
absorption of the laser pulse energy occurs mainly in the sub-
surface region, and the temperature of most SiMPs that have 
experienced a phase transition is close to the melting tempera-
ture (Figs 5c – 5f). In this case, the energy absorbed by silicon 
and the mass of the melt increase (Fig. 6). One can assume 
that the indicated features of the interaction of a laser pulse 
with a SiMP suspension to some extent determine the size of 
the formed SiNPs. Thus, the smallest average SiNP diameter 
is achieved at a low concentration of SiMPs in the initial sus-
pension and a noticeable overheating of silicon near the focus 
(Table 1). In the case of subsurface SiNP formation for SiMP 
concentrations above 5 mg mL–1, when the silicon tempera-
ture slightly exceeds the melting point, the SiNP size is practi-
cally independent of the concentration. Finally, for a concen-
tration of 5 mg mL–1, when two SiNP generation centres exist 
in the suspension (in the focus and in the subsurface region) 
and the mass yield of SiNPs is lowered, the largest SiNP sizes 
and their greatest dispersion are achieved.

It is important to note that, despite a decrease in the frag-
mentation efficiency with an increase in the SiMP concentra-
tion, starting from 5 mg mL–1, mm increases due to the higher 
contribution of silicon volume fraction f in accordance to for-
mula (14). It should be noted that the estimates of the mass of 
melted silicon per pulse shown in Fig. 6 are overestimated, 
and this overestimation is higher for cases of low concentra-
tions of SiMPs. Thus, the absorption map was calculated for 
an effective medium, supposing that a particular amount of 
silicon that can absorb light energy is contained in each voxel 
of the medium. In reality, within that region consisting of sev-
eral voxels the radiation is absorbed by a single microparticle, 
which can be located at a particular depth. The radiation 
reaching the microparticle can be attenuated due to absorp-
tion in the upper layers of the medium. The factor is especially 
important at the initial stages of pulse interaction with the 
medium for low SiMP concentrations.

This hypothesis is confirmed by the following estimates. 
Under the conditions of the experiment, the irradiation time 
of 40 min corresponds to Npulse = 24000 laser pulses. Assuming 
that the fragmentation process was accompanied by perma-
nent mixing of SiMPs in the area of laser beam impact due to 
their Brownian motion and probable convection and cavita-
tion of water at high temperatures, the total mass of the SiNP 
yield as a result of fragmentation can be calculated as 
Npulse mm. In this case, for an initial SiMP concentrations of 
0.5 and 12 mg mL–1, the total mass yield of fragmented 
nanoparticles would be 4.4 and 5.2 mg, respectively, which 
corresponds to SiNP concentrations of 4.4 mg mL–1 and 
5.2 mg mL–1, assuming the volume of the fragmented suspen-
sion to be 1.0 mL. In the first case, the mass concentration of 
the fragmentation product exceeds the initial concentration 
of silicon in the suspension and, in the frames of the assump-
tions made, proves an overestimation of the calculated melt 
mass. It is vice versa in the second case for the maximum 
initial concentration of SiMPs, and this estimate seems to be 
more reasonable and close to reality. A more accurate esti-
mate of the mass fraction of fragmented SiNPs will be given 
below based on the results of approximation of spectropho-

tometric data (see Section 3.3.2). Nevertheless, the analysis 
of the propagation and absorption of a laser beam in sus-
pensions of SiMPs with different mass concentrations quali-
tatively confirms the undoubted influence of the focusing 
degree and radiation scattering on the size distribution of 
ragmented nanoparticles.

3.3. Optical properties of fragmented nanoparticles 

3.3.1. Crystallinity and stability analysis. The high degree of 
crystallinity of the initial SiMPs is confirmed by the Raman 
spectroscopy data (Fig. 7a): In the range of 50 – 850 cm–1 their 
spectrum demonstrates a single line with a maximum at 
521 cm–1, which corresponds to the crystalline phase of sili-
con. The SiNPs after fragmentation and centrifugation also 
demonstrate similar spectra (see the example in Fig. 7b), 
which allows treating them as nanocrystals with a refractive 
index of 3.6 – 3.7 in the diagnostic transparency window of 
biotissues of 700 – 1300 nm [53]. The relatively high refractive 
index allows one to consider the SiNPs under study as effec-
tive light scatterers and, as a result, potential contrast agents 
in the OCT technique.

The produced suspensions of SiNPs in water are charac-
terised by absolute values of electrokinetic potentials in the 
range from – 35 to –25 mV, which indicates their moderate 
stability of the studied samples with respect to agglomeration 
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and opportunity of the use of separate silicon particles-agents 
in biological tissues either in a short time after manufacture 
(no more than weeks), or after ultrasonication in the case of 
long-term storage.

3.3.2. Analysis of scattering and absorption coefficients 
spectra. For the numerical analysis of the spectral character-
istics of scattering and absorption of light in the visible and 
near-infrared ranges (400 – 1000 nm), a suspension was 
selected obtained by laser fragmentation of SiMPs with an 
initial mass concentration of 12.0 mg mL–1 in water for 
40 min. The choice of a suspension with the highest possible 
initial concentration of the micropowder is determined by the 
requirement to obtain SiNP ensembles also with high concen-
trations exceeding 0.1 mg mL–1 in water, when both accurate 
spectrophotometric measurements and high contrast in the 
OCT technique are provided [11, 16, 25]. According to the 
performed approximations of the absorption and scattering 
spectra of this suspension, it was demonstrated that during 
the irradiation time of 40 min, not all SiMPs are fragmented 
into SiNPs: the mass concentration of particles smaller than 
500 nm suitable for further use is close to 0.1 mg mL–1 after 
sedimentation of a large fraction of SiMPs not subjected to 
fragmentation, accounting the contribution of this fraction 
not subjected to sedimentation as a result of centrifugation 
(see Section 3.1 and Fig. 3b). In this connection, taking into 
account the overestimated mass yield of SiNPs as a product 
of fragmentation in the case of lower initial concentrations of 
micropowder (see Section 3.2), the spectrophotometric mea-
surements for suspensions with a known lower yield of SiNPs 
in the frames of this study seem to be of little significance 
from a practical point of view.

Figure 8 shows the spectra of the reconstructed values of 
the scattering and absorption coefficients, ms and ma, and the 
anisotropy factor g for the selected suspension of SiNPs. The 
scattering and absorption spectra calculated using the Mie 
formulae based on the size distribution of SiNPs (in accor-
dance with Fig. 3e), as well as for the same distribution of 
SiNPs supplemented with a fraction of silicon spheres of 5 mm 
in diameter are shown in the same figure. The concentration 
of the latter was selected to ensure the best agreement between 
the model and measured spectra. The second approximation 
parameter was the total concentration of SiNPs and SiMPs in 
the studied suspension, which allowed one to estimate the 
mass yield of SiNPs during laser fragmentation.

The measured spectra exhibit features that are explained 
both by the optical properties of crystalline silicon and by the 
size distribution of particles in the suspension. The mono-
tonic decrease in the reconstructed values of ma from 0.98 to 
0.16 mm–1 (Fig. 8a) with increasing wavelength is explained 
by the similar behaviour of the absorption coefficient of crys-
talline silicon [53]. The presence of a ms maximum at 670 nm 
and high values of g in the range 0.50 –  0.62 (Fig. 8b) are 
explained by the typical features of Mie scattering for rela-
tively large SiNPs [54] with average size of 147 nm, which is 
only 2.7 – 6.8 times smaller than the wavelengths from the 
considered spectral range. It is important to note that the 
reconstructed values of ms exceed 2 mm–1 as well as the typical 
values of ma (Fig. 8a), which indicates the potentials for using 
the fabricated SiNP suspensions for contrasting in such tech-
niques as OCT due to high light scattering at depths of about 
1 mm in the diagnostic window of transparency of biological 
tissues given a relatively small absorption of silicon.

At the same time, Fig. 8 shows that a suspension consist-
ing only of SiNPs with a given size distribution only (Fig. 3e) 

does not provide a good agreement between the calculated 
and measured spectra shapes: the decay rates (the wavelength 
derivative) of the scattering and absorption coefficients of the 
calculated dependences exceeds those for the measured spec-
tra in the long-wavelength region. Taking into account the 
0.1 % (in terms of the number of particles) fraction of silicon 
microspheres with a diameter of 5 mm in calculations using 
the Mie formulae allows one to obtain the shape of the calcu-
lated spectra that most closely matches the measured depen-
dences. The best quantitative agreement between the spectra 
were obtained for a total mass concentration of a suspension 
of SiNPs and SiMPs equal to 5 mg mL–1. Note that these 
parameters (percentage of microspheres and mass concentra-
tion) are sufficient for correct approximation of the presented 
dependences of scattering and absorption without introduc-
ing other additional parameters. 

Based on the parameters of the approximation, the contri-
bution of the fraction of small nanoparticles (with a diameter 
of less than 500 nm) was calculated: small nanoparticles are 
more than 99 % in number, but only about 2.4 % in mass, 
which, for the total mass of a suspension of SiNPs and SiMPs, 
corresponds to the value of the mass of this fractions 0.12 mL. 
This value is significantly lower than the maximum possible 
mass of the melt of 5.2 mg mL–1 obtained from the calcula-
tions described in Section 3.2. On the one hand, there is no 
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of the anisotropy factor g reconstructed from spectrophotometric data 
for the studied suspension.



169Laser fragmentation of silicon microparticles in liquids for solution

obvious contradiction, since the theoretical calculations give 
the estimate of the maximum possible melt mass for the 
applied laser fragmentation technology, and according to the 
SEM results, even after centrifugation, a fraction of SiMPs 
that have not undergone fragmentation is noticeable (Fig. 2b). 
On the other hand, the conducted study shows for suspen-
sions with initial mass concentrations exceeding 5 mg mL–1 
that tight focusing of the laser beam in a turbid medium is not 
always achievable and is not always required to ensure the 
process of laser fragmentation. In this connection, it seems 
possible to fabricate SiNPs using the described technology 
employing lenses with a larger focal length compared to the 
one used in the study (80 mm), which will provide a more 
uniform heat distribution in the beam propagation region. An 
additional increase in the mass of molten silicon can also be 
achieved both by using lasers with higher energies and pulse 
repetition rates, and by forced mixing of microparticles dur-
ing irradiation.

The spectrophotometry measurements of the selected sus-
pensions have shown that for the fabricated SiNPs in the 
given concentration after filtering, the produced suspension 
using membrane filters has potential in further experiments 
with biotissues and their phantoms, in particular, as contrast-
ing agents for OCT technique. Relatively high absorption 
coefficients of the produced suspension are comparable with 
the typical absorption coefficients of biological tissue in the 
considered wavelength range, which also indicates their pros-
pects as absorbing contrast agents.

4. Conclusions

We have shown that upon irradiation of an aqueous suspen-
sion of SiMPs with mass concentrations in the range of 
0.5 – 12 mg mL–1 by picosecond laser pulses at a wavelength of 
1064 nm, fragmentation of these microparticles occurs, lead-
ing to the formation of nanoparticles with an average size in 
the range of 111 – 165 nm and size dispersion in the range of 
49 – 76 nm. The size distributions of the fragmented SiNPs 
depend both on the time of exposure to laser pulses and on 
the SiMP concentration in the initial suspension. Numerical 
simulation of the process of interaction of focused laser radia-
tion with fragmented particles indicates that silicon is heated 
to temperatures above the melting temperature, and the SiNP 
formation occurs in the focal region around the laser beam 
axis in the suspension volume or in the sub-surface region in 
the cases of low and high initial mass concentrations of 
SiMPs, respectively.

The results of spectrophotometric measurements of the 
fabricated SiNPs suspensions are in good agreement with the 
estimates of absorption and scattering spectra according to 
the Mie theory for the size distributions obtained from scan-
ning electron microscopy data analysis. SiNPs after addi-
tional filtering out the microparticles that have not undergone 
fragmentation are of interest for further experiments with 
biotissues or their phantoms as effective light scattering and 
absorbing contrasting agents in the diagnostic/transparency 
window of biotissues. In the future, the number of unfrag-
mented SiMPs can be reduced by using laser sources with 
higher pulse energies and pulse repetition rates. However, 
most likely, the former case will require the fragmentation 
regime variation by loosing the beam focusing, while in the 
latter one the pulse delay reduction will require account for an 
additional heat during this period of time. Both cases will 

require an improvement of the model proposed in this study 
explaining the morphology of the silicon nanoparticles fabri-
cated in the experiments.
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