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Abstract: An investigation on the productivity of silicon nanoparticles by
picosecond laser ablation in water is presented. A systematic experimental
study is performed as function of the laser wavelength, fluence and ablation
time. In case of ablation at 1064 nm silicon nanoparticles with a mean
diameter of 40 nm are produced. Instead, ablation at 355 nm results in
nanoparticles with a mean diameter of 9 nm for short ablation time while
the mean diameter decreases to 3 nm at longer ablation time. An original
model based on the in-situ ablation/photo-fragmentation physical process is
developed, and it very well explains the experimental productivity findings.
The reported phenomenological model has a general validity, and it can
be applied to analyze pulsed laser ablation in liquid in order to optimize
the process parameters for higher productivity. Finally, an outlook is given
towards gram per hour yield of ultra-small silicon nanoparticles.
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34. N. Bärsch, J. Jakobi, S. Weiler, and S. Barcikowski, “Pure colloidal metal and ceramic nanoparticles from high-

power picosecond laser ablation in water and acetone,” Nanotechnology 20, 445603 (2009).
35. P. A. Perminov, I. O. Dzhun, A. A. Ezhov, S. V. Zabotnov, L. A. Golovan, G. D. Ivlev, E. I. Gatskevich, V. L.

Malevich, and P. K. Kashkarov, “Creation of silicon nanocrystals using the laser ablation in liquid,” Laser Phys.
21, 801-804 (2011).

36. O. I. Eroshova, P. A. Perminov, S. V. Zabotnov, M. B. Gongalskii, A. A. Ezhov, L. A. Golovan, and P. K.
Kashkarov,“Structural properties of silicon nanoparticles formed by pulsed laser ablation in liquid media,” Crys-
tallogr. Rep., 57, 831-835 (2012).

37. R. Intartaglia, K. Bagga, A. Genovese, A. Athanassiou, R. Cingolani, A. Diaspro, and F. Brandi, “Influence of
organic solvent on optical and structural properties of ultra-small silicon dots synthesized by UV laser ablation
in liquid,” Phys. Chem. Chem. Phys. 14, 15406-15411 (2012).

38. F. Giammanco, E. Giorgetti, P. Marsili, and A. Giusti, “Experimental and theoretical analysis of photofragmen-
tation of Au nanoparticles by picosecond laser radiation,” J. Phys. Chem. C 114, 3354-3363 (2010).

39. D. Werner and S. Hashimoto, “Improved working model for interpreting the excitation wavelength and fluence-
dependent response in pulsed laser-induced size reduction of aqueous gold nanoparticles,” J. Phys. Chem. C 115,
5063-5072 (2011).

40. A. Pyatenko, M. Yamaguchi, and M. Suzuki, “Mechanisms of size reduction of colloidal silver and gold nanopar-
ticles irradiated by Nd:YAG laser,” J. Phys. Chem. C 113, 9078-9085 (2009).
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47. V. Švrc̆ek, T. Sasaki, Y.Shimizu, and N. Koshizaki, “Silicon nanocrystals formed by pulsed laser-induced frag-
mentation of electrochemically etched Si micrograins,” Chem. Phys. Lett. 429, 483487 (2006).

48. A. Schwenke, P. Wagener, S. Nolte, and S. Barcikowski, “Influence of processing time on nanoparticle generation
during picosecond-pulsed fundamental and second harmonic laser ablation of metals in tetrahydrofuran,” Appl.
Phys. A 104, 77-82 (2011).
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1. Introduction

Ultra-small luminescent silicon nanoparticles (Si-NPs) with diameters in the range 1-3 nm are
very good candidates for various applications ranging from light-emitting devices [1, 2], to
photo-voltaic solar cell technology and optoelectronics [3, 4]. Biocompatibility and stability
against photo-bleaching make of these nanoparticles ideal substitute to dyes as fluorescent la-
bels for imaging [5–10], as well as efficient photosesitizer for treatments [11, 12].

Many methods have been developed for the synthesis of Si-NPs, such as solution chemistry
routes [8, 11, 13], thermal decomposition and laser pyrolysis of silane, laser ablation of solid
target in vacuum or controlled atmosphere, and nonthermal plasma synthesis [14].

An alternative method for the production of stable nanoparticle colloidal solutions is Pulsed
Laser Ablation in Liquid (PLAL) which has significantly emerged in the past years [15–20].
PLAL is nowadays a well established approach for the synthesis and commercialization of
nanoparticle colloidal solutions [21]. PLAL has several advantages compared with other meth-
ods: i) it is a clean synthesis, without the need of chemical precursors and reducing agents,
resulting in highly-pure and stable nanoparticles; ii) it is simple and economical, since it is
performed at ambient conditions; iii) it is versatile, since the obtained NPs are in colloidal
solution form, giving the opportunity of further nanoscale manipulations, such as biofunction-
alization [22, 23].

The synthesis of Si-NPs by PLAL in various solvents has been extensively investigated using
laser with ns [24–29] and fs [9, 12, 30–32] pulse duration.
PLAL of silicon with ∼ 10 ns and longer laser pulses involves substantial melting of the sub-
strate as well as interaction of the laser pulse with the generated cavitation bubble, often leading
to the production of large NPs, a silicon oxide matrix, and NP clusters, while preventing the
synthesis of ultra-small Si-NPs in water. Therefore, ablation with shorter laser pulses is prefer-
able for the production of ultra-small Si-NP colloidal solutions by PLAL since both the thermal
effects and the interaction of the laser pulse with the cavitation bubble are minimized [33].
In the perspective to achieve high production yield of NPs by PLAL, the use of ps laser is po-
tentially more attractive compared with the use of fs laser given the recent advances in ps laser
technology towards high average power. Indeed, a high PLAL productivity of metallic and ce-
ramic NPs has been reported using high-power ps laser [34].
To our knowledge, there have been few studies on PLAL of silicon using ps laser. It is reported
that PLAL of silicon in water using 30 ps NIR laser pulses leads to the generation of Si-NPs
with a broad size distribution peaked around 20 nm [35, 36]. Recently, we reported on the pro-
duction and characterization of ultra-small photoluminescent Si-NPs with a diameter of 3 nm
by ultra-violet (UV) ps PLAL in water and toluene [37].

In order to optimize the production yield of ultra-small Si-NPs by ps PLAL it is necessary
to better understand the physical mechanism behind such process. A well known mechanism
to reduce the size of NPs in a colloidal solution is photo-fragmentation, i.e., the fragmentation
of large NPs into small NPs by pulsed laser irradiation of the colloidal solution. NPs photo-
fragmentation is strongly related to the optical absorption properties of the colloidal solution,
and it has been investigated either ex-situ [38–47], i.e., by irradiation of the NPs colloidal so-
lution, or in-situ [48–51], i.e., during NPs generation by PLAL. Recently, photo-fragmentation
of silicon micro-colloids with a fs NIR laser has been reported resulting in the production of
stable photoluminescent Si-NP colloidal solution [52].
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In the present article a systematic study on the productivity of Si-NPs by ps PLAL of
bulk silicon in water as function of laser fluence and wavelength is reported. It is found
that the phenomenon leading to the production of ultra-small Si-NPs by ps UV PLAL is
in-situ photo-fragmentation. Instead, ps NIR PLAL of silicon in water does not involve
photo-fragmentation, which leads to the production of larger Si-NPs. A physical model based
on a phenomenological interpretation of the in-situ ablation/photo-fragmentation process is
developed, resulting in an analytical equation that very well explains the experimental findings.
The model has a general validity, and therefore can be applied to analyze PLAL experiment
results in order to optimize the process parameters, i.e., laser wavelength, pulse duration, and
fluence, towards higher productivity.

2. Experimental details

2.1. Pulsed laser ablation of silicon in water

PLAL of silicon in water is performed using the NIR fundamental beam at 1064 nm, and the
UV third-harmonic beam at 355 nm, of a mode-locked amplified Nd:YAG laser (Leopard, Con-
tinuum) providing pulses of 60 ps time duration, at a repetition rate of 20 Hz. The laser beam
profile is flat-top thanks to a serrated aperture relay imaging between the oscillator and the
amplifier. The silicon target (99.999% from Alpha Aesar), in the form of cylinder with diam-
eter of 6 mm and thickness of 10 mm, is placed on the bottom of a quartz cuvette (dimension
10x10x30 mm3) and immersed in 2 ml of deionized water, resulting in about 13 mm of water
above the silicon target surface. The laser beam is focused below the silicon target surface us-
ing a lens with a focal length of 30 cm. The target position is adjusted in both UV and NIR
PLAL experiments in order to have a UV and NIR beam spot diameter on the target of 0.2
mm. PLAL experiments are performed as function of ablation time and for various laser pulse
fluence, controlled by means of suitable variable attenuators. Before each experiment the target
is mechanically polished and then washed several times with water in order to remove impurity
from the surface. During laser ablation, the target is moved with a motorized stage system to
achieve uniform ablation of the silicon surface.

2.2. Characterization

The quantity of silicon in the obtained colloidal solutions is evaluated by Inductively Cou-
pled Plasma Optical Emission Spectrometry (ICAP 6300, Duo Thermo Scientific). For this
measurements, 100 µ l solution of Si-NPs is introduced in Aqua regia, and after overnight acid
digestion the final volume is adjusted with Milli-Q water to 25 ml. The dilution factor is kept
into consideration while determination of final concentration.
Transmission electron microscopy (TEM) imaging is performed working at an acceleration
voltage of 100 kV (JEOL 1011 microscope). For sample preparation, a drop of the Si-NPs
colloidal solutions is deposited and dried directly onto carbon-coated 300 mesh copper grid.
A 100 µl colloidal solution is used to measure the absorption spectra using a spectrophotometer
(Cary 6000). Photoluminescent (PL) measurements are carried out with a spectrofluorometer
(Fluoroma-4, Jobin Yvon-Horiba) exciting at 290 nm .

3. Results and discussion

3.1. Productivity and size of Si-NPs

Figure 1 shows the experimental results concerning the ablated silicon mass in the colloidal
solution as function of number of laser pulses, i.e., ablation time, for various laser pulse fluence,
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along with the TEM images of the produced Si-NPs.
In case of NIR PLAL a clear linear increase of the ablated mass as function of ablation time

is found for fluence in the range 0.9 to 2.7 J cm−2, as shown in Fig. 1(a). UV-vis absorption
spectroscopy measurement of the colloidal solution obtained after 60 min of ablation (72000
laser pulses) at 2.7 J cm−2 is reported in the inset of Fig. 1(a). The absorption spectrum has a
broad band between 200 and 800 nm with a shoulder around 500 nm, which is characteristic of
Si-NPs population with mean diameter of tens of nm [32]. Complementary electron microscopy
study of the Si-NPs obtained after 60 min of NIR PLAL at a fluence of 2.7 J cm−2 confirms a
mean diameter of about 40 nm, as shown by the TEM image in Fig. 1(c).

Instead, in case of UV PLAL with fluence in the range 0.4 to 4.4 J cm−2 two very distinct
time regimes are observed. As shown in Fig. 1(b), an initial phase (transient regime) is followed
by a second phase (steady state regime) with a lower and clearly constant ablation rate. Indeed,
the Si-NPs produced in the two UV PLAL regimes have different size: Si-NPs with mean
diameter of about 9 nm are produced in the transient regime, as shown by the TEM image in
Fig. 1(d), while ultra-small Si-NPs with mean diameter of 3 nm are produced in the steady
state regime, as shown by the TEM image in Fig. 1(e). The production of ultra-small Si-NPs
after 60 min of UV PLAL is confirmed also by UV-Vis absorption spectroscopy reported in the
inset of Fig. 1(a), where the absorption spectrum of the colloidal solution obtained with UV
PLAL at a fluence of 3 J cm−2 is shown: a significant increase in the UV absorption (below 300
nm) typical of ultra-small Si-NPs [32] is observed. It is noted that larger Si-NPs are very rarely
produced by UV PLAL. The inset in Fig. 1(b) shows the PL spectrum of the Si-NPs produced
by UV PLAL after 72000 laser pulses at a fluence of 3 J cm−2. The optical properties of the
obtained Si-NPs, i.e., UV-vis absorption and PL spectra, remain the same for several months
indicating a high stability of the colloidal solutions, which is of great importance for practical
applications.

The linear increase of the ablated mass in case of NIR PLAL indicates no interaction between
NIR laser pulses and the Si-NPs colloidal solution, while the presence of the two very distinct
UV PLAL regimes suggests a strong time dependent interaction between the UV laser beam
and the Si-NPs colloidal solution.

3.2. PLAL efficiency model

In order to elucidate the mechanism leading to the production of ultra-small Si-NPs, the ablation
efficiency, i.e., ablated mass per single laser pulse, in the different experimental conditions is
analyzed. The ablation efficiencies are given by the slope of the straight lines resulting from the
least-square linear fits on the experimental data reported in Fig. 1. It is noted that in the transient
regime of UV PLAL the linear fit on the experimental data gives a first order approximation of
the actual ablation rate. This is evident from the fact that the straight lines resulting from the fit
do not pass through the origin, i.e., zero ablated mass at zero ablation time.

To analyze the ablation efficiency data a phenomenological model based on ablation and
in-situ photo-fragmentation is developed as follows.

i) Ablation The ablation depth, i.e., the thickness of the ablated layer per single laser pulse,
is given by,

T = K × ln(Ft/Fth), (1)

where Ft is the laser fluence on the target, Fth is the fluence threshold for ablation, and K is a
phenomenological parameter [53]. Typically, K is related both to the absorption depth of the
light in the bulk material (for silicon about 10 nm at 355 nm and few hundreds micron at 1064
nm, at room temperature), and to the thermal diffusion length 2

√
D× τ , where D is the thermal

diffusivity and τ is the laser pulse duration. For τ ∼ 60 ps the thermal diffusion length in silicon
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Fig. 1. Ablated silicon mass as function of the number of laser pulses (ablation time), and
TEM images with size distribution of the produced Si-NPs. Graph (a) and (b) show the ab-
lated silicon mass as function of number of laser pulses for NIR and UV PLAL respectively.
The straight lines over the experimental data points result from the least-square linear fits.
The insets in graph (a) and (b) show the measured absorption and photoluminescent spectra
of the produced Si-NPs respectively. TEM images and size distribution of Si-NPs produced
by PLAL in water: (c), NIR PLAL at 2.7 J cm−2 after 72000 laser pulses; (d), UV PLAL
at 3 J cm−2 after 6000 laser pulses, i.e., 5 min ablation time; (e), UV PLAL at 3 J cm−2

after 72000 laser pulses.

is about 140 nm (DSi=0.85 cm2 s−1 at room temperature). Using Eq. (1), the ablation efficiency
is given by,

Ma ≡ ρ ×S×T = ρ ×S×K × ln(Ft/Fth), (2)

where ρ is the bulk density (2.3 g cm−3 for silicon) and S = 3×10−4 cm2 is the laser spot area
on the target surface.

ii) Photo-fragmentation The laser pulse energy may be actually reduced during propaga-
tion in the colloidal solution due to the interaction with the NPs, eventually leading to photo-
fragmentation. During the experiments the energy of the laser pulses E0 is measured before the
laser beam propagates into the liquid, so F0 = E0 × S−1 is the fluence on the target as if there
was no energy loss during propagation in the colloidal solution. Therefore, an apparent ablation
threshold is defined as Fapp

th = Fth ×F0 × (Ft)
−1 taking into account the laser energy loss in the

colloidal solution. Substituting Ft × (Fth)
−1 with F0 × (Fapp

th )−1 in Eq. (2) the PLAL efficiency
including photo-fragmentation effect is given by,

Ma = ρ ×S×K × ln(F0/Fapp
th ). (3)

Note that, without laser energy loss in the colloidal solution Ft = F0, and thus Fth = Fapp
th .
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Fig. 2. Silicon ablation efficiency of ps PLAL in water; the error bars result from the least-
square fit performed on the experimental data points in Fig. 1, and from the uncertainty on
the measured laser pulse energy; the curves are the result of a logarithmic fit as from the
ablation efficiency model, see Eq. (3).

Table 1. Data analysis results for the silicon ablation efficiency of ps PLAL in water. The
parameters K and Fapp

th , along with the reported uncertainty, result from the logarithmic fit
shown in Fig. 2. The Si-NPs mean size is found from TEM imaging analysis reported in
Fig. 1, and the value in parenthesis is the size standard deviation. In the last column, the
efficiency parameter described in Section 4 is reported.

Wavelength-data set K, nm Fapp
th , J cm−2 Si-NPs size, nm η , 10−5g J−1

1064 nm 36(6) 0.18(1) 40(10) 1.7
355 nm-transient regime 22(4) 0.07(2) 9(2) 2.7
355 nm-steady state regime 17(2) 0.11(1) 3(1) 1.3

3.3. Data analysis

The ablation efficiency as function of laser fluence, found from the linear fit in Fig. 1, is reported
in Fig. 2 for the different data set, along with the logarithmic fit of the data points, as from Eq.
(3). The parameters K and Fapp

th resulting from the logarithmic fitting curves are reported in
Table 1, along with the Si-NPs size as found from TEM image analysis reported in Fig. 1.
The ablation depth parameter K for UV PLAL is found to be the same, within the error margins,
in both transient and steady state regimes, with a mean value around 20 nm. This finding
supports our model since for UV ps pulses the ablation depth value in silicon is in between the
optical absorption depth (10 nm) and the thermal diffusion length (140 nm) [53]. On the other
hand, the smaller apparent ablation threshold fluence for UV PLAL in the transient regime,
0.07 J cm−2, compared to that in the steady state regime, 0.11 J cm−2, is a consequence of the
lower laser energy reaching the target surface in the steady state regime due to the energy loss
during the propagation in the colloidal solution. It is noted that the higher uncertainty on the
parameters K and Fapp

th from the transient regime data set reflects the first order approximation
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Fig. 3. Schematic of in-situ ablation/photo-fragmentation process during PLAL of silicon
in water. UV PLAL: a) schematic of ablation and in-situ photo-fragmentation; b) ablation
and in-situ photo-fragmentation process loop in the steady state regime leading to constant
ablation efficiency. NIR PLAL: c) schematic of ablation without photo-fragmentation; d)
ablation without photo-fragmentation process loop leading to constant ablation efficiency.

made in the linear fit shown in Fig. 1(b).
For NIR PLAL, K is about 36 nm while the apparent ablation threshold fluence is 0.18 J cm−2.
The higher ablation efficiency and apparent threshold for NIR PLAL compared with UV PLAL
is consistent the larger optical absorption depth of NIR light in silicon bulk.

3.4. In-situ ablation/photo-fragmentation of silicon nanoparticles

The result of the data analysis and in particular the constant PLAL efficiency at longer ablation
time, is explained by an in-situ ablation/photo-fragmentation process which is substantially
different between UV and NIR ablation, as depicted in the schematic reported in Fig. 3.

In case of UV PLAL the ablation process leads first to the production of Si-NPs with di-
ameter of about 9 nm, like in the transient regime (see Fig. 1(b)). Subsequently, these Si-NPs
diffuse into the solvent, absorb the UV laser pulses, and are therefore photo-fragmented, pro-
ducing ultra-small Si-NPs, as schematically shown in Fig. 3(a). Finally, the ultra-small Si-NPs
having a much lower optical absorption at 355 nm (see inset in Fig. 1(a)), do not interact fur-
ther with the UV laser pulse, resulting in a steady state loop, i.e., steady state regime, as shown
in Fig. 3(b). It must be noted that for short ablation time in UV PLAL (i.e., in the transient
regime) there is not a uniform distribution of NPs in the liquid medium confined in the cu-
vette, and the subsequent diffusion of NPs in the liquid lowers the actual NPs concentration
along the laser beam path. Therefore, the incoming UV laser pulses are not absorbed efficiently
by the ablated Si-NPs in the colloidal solution, resulting in a lower photo-fragmentation ef-
ficiency, i.e., a higher fluence on the target, and therefore higher ablation rate, as shown by
the experimental findings and the data analysis. On the contrary, in the steady state regime the
ablation/photo-fragmentation process reaches an equilibrium between the rate of Si-NPs pro-
duced by ablation and those photo-fragmented by the UV laser pulse, as schematically shown
in Fig. 3(b). Photo-fragmentation reduces the laser energy reaching the bulk silicon target, and
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therefore it is responsible for the lower ablation efficiency in the steady state regime.
Instead, during NIR PLAL there is not interaction between the laser pulse and the Si-NPs

in the colloidal solution, as schematically shown in Fig. 3(c). Therefore, photo-fragmentation
does not occur, resulting in a constant ablation efficiency regardless of the ablation time, as
highlighted in Fig. 3(d).

In summary, the present analysis based on an phenomenological physical model indicates
that the interplay between ablation and photo-fragmentation is at the origin of the production
of ultra-small Si-NPs by UV PLAL.

4. Outlook: PLAL optimization towards gram per hour yield of ultra-small Si-NPs

With the parameters K and Fapp
th found from PLAL experiments and data analysis, the devel-

oped model allows to evaluate the optimal parameters in order to maximize productivity of
PLAL. In general, the given experimental parameter in PLAL is the energy per pulse E0 avail-
able at a certain repetition rate RR from the laser source, while the optimal fluence, i.e., spot
size on target, maximizing the yield has to be found. To do this, the Eq. (3) is rewritten as

Ma =
ρ ×K ×E0

Fapp
th

×
Fapp

th
F0

ln(
F0

Fapp
th

). (4)

The function y = x−1 ln(x) has the maximum value of ymax = e−1 at xmax = e, and therefore the
maximum efficiency is

Ma,max =
ρ ×K

e×Fapp
th

×E0 = η ×E0, (5)

at F0,max = e×Fapp
th which corresponds to a spot area of Smax = E0 × (e×Fapp

th )−1. The values
of the efficiency parameter η = (ρ ×K)× (e×Fapp

th )−1 found in this study are reported in the
last column of Table 1. Therefore, the maximum yield per second is η ×E0 ×RR = η ×Pavg,
where Pavg is the laser average power.

As outlook lets first consider the production of Si-NPs by ablation of bulk silicon in water
with a 1064 nm picosecond laser having Pavg = 100 W (e.g., E0 = 1 mJ and RR = 100 kHz). For
1 hour of ablation time, the estimated yield at maximum efficiency is around 6 g. Instead, using
a 355 nm picosecond laser having Pavg = 30 W (e.g., E0 = 0.3 mJ and RR = 100 kHz) the yield
at maximum efficiency of ultra-small Si-NPs is estimated to be 1.4 g per hour. It is noted that
the laser system performances considered for these estimates can be achieved through power
amplification of mode-locked picosecond NIR laser using for example disk or slab amplifiers.
In this outlook, the effect due to pulse to pulse interaction through the cavitation bubble when
high repetition rate lasers are used [54, 55], as well as eventual substantial absorption in the
colloidal solution due to very high NPs density are neglected. The first of these effects can
be controlled by proper motion of laser beam or target, while the second can be handled by
implementing a liquid flow system.
In the perspective to achieve a high production yield of ultra-small Si-NPs, the use of multi-
harmonic laser beam is foreseen applying the fundamental beam for production of NPs and the
third-harmonic beam for photo-fragmentation (combined eventually with the second-harmonic
beam for optimal usage of laser energy).

5. Conclusions

Picosecond PLAL of silicon in water is investigated aiming at the optimization of the produc-
tion of ultra-small photoluminescent Si-NPs. It is found that UV PLAL leads to the production
of Si-NPs with mean diameter of 3 nm, while NIR PLAL generates larger Si-NPs with mean
diameter of about 40 nm. In order to explain these experimental findings a systematic study is
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performed, and it is demonstrated that the interplay between ablation and photo-fragmentation
of silicon by UV ps irradiation is at the origin of the production of ultra-small Si-NPs. A
physical model based on in-situ ablation/photo-fragmentation process is developed and it very
well explains the experimental findings. The presented physical model of PLAL, that combines
the phenomenological description of laser ablation and photo-fragmentation, has a general
validity, and therefore can be applied to analyze and optimize PLAL process also with other
materials (e.g., semiconductors like InN [56], Ge [57], and GaAs [58, 59]).
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