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Abstract.  We have measured the extinction spectra of colloidal 
solutions of gold nanoparticles synthesised by nanosecond laser 
ablation in water for the conditions of a bimodal particle size distri-
bution. The extinction spectra are analysed by using the Mie theory 
and the contribution of particles of different sizes to the radiation 
attenuation is established. A method is proposed for determining 
the concentrations of individual populations of particles in a solu-
tion on the basis of the spectral dependence of the extinction coef-
ficient. Mechanisms of the nanoparticle formation during laser 
ablation of metals in liquids are discussed. 

Keywords: laser ablation in liquids, colloidal solution, extinction 
spectrum, gold nanoparticles, bimodal particle size distribution, 
plasmon resonance, Mie theory. 

Nanoparticles of noble metals possess unique electronic, cata-
lytic and optical properties, including localised surface plas-
mon resonance [1 – 3], which is of interest for many applica-
tions like solar energy, spectroscopy, sensor development and 
medicine. Optical properties of plasmon nanoparticles depend 
on their size, shape and concentration; therefore, it is impor-
tant to have means for monitoring and controlling parame-
ters  of  synthesised  particles. One  of  the most  effective  and 
flexible  methods  for  the  synthesis  of  nanoparticles  is  laser 
ablation in liquids [4 – 8], which allows colloidal solutions to 
be produced with characteristics that cannot be achieved by 
other methods [8]. Thus, the method makes it possible to syn-
thesise stable particles without foreign impurities and surfac-
tants, which is important for many medical applications. 

The most common method for analysing the sizes of col-
loidal  nanoparticles  is  high-resolution  electron  microscopy 
[4 – 8], which, however, has a number of disadvantages in this 
case.  The  method  does  not  allow  one  to  analyse  particles 
directly  in  a  solution  and  to  measure  their  concentration, 
whereas preparing samples for the analysis (deposition on a 
substrate)  often  leads  to  a  change  in  the  initial  sizes  of  the 
particles. Other control methods, such as time-resolved X-ray 
scattering  [9] or differential mobility analysis  [10], are quite 
expensive  and  have  a  number  of  specific  limitations. 
Amendola and Meneghetti [11] developed a method for esti-
mating the average size of colloidal gold particles in the range 

from 4 to 25 nm on the basis of an analysis of their extinction 
spectrum by the Mie theory, which makes it possible to deter-
mine the concentration of particles in the solution and also to 
take into account their nonsphericity. However, the technique 
is not applicable in the case of a bimodal particle size distribu-
tion typical for colloids produced by laser ablation in liquids 
and often including populations of particles with very differ-
ent sizes [4, 7, 8, 12 – 14]. 

In this paper, we study the extinction spectra of aqueous 
colloidal solutions for a bimodal distribution of nanoparticles 
synthesised by ablation of gold with nanosecond laser pulses. 
On the basis of the Mie theory, a method for calculating the 
spectra has been developed, which made  it  possible  to  esti-
mate the contribution of different populations of nanoparti-
cles  to  the  attenuation  of  radiation  and  to  determine  their 
concentration in the solution.

A  gold  target  (99.99 %  purity  plate)  was  ablated  by 
Nd : YAG laser pulses (wavelength, 1064 nm; pulse duration, 
9 ns; and repetition rate, 5 Hz) along the normal to the sur-
face.  The  sample  was  immersed  in  a  cuvette  with  distilled 
deionised water (volume, 20 mL; height of a column of liquid 
above the target, 10 mm). Laser radiation was focused onto 
the surface in a spot with a diameter of ~1 mm with the help 
of  a  scanning  optical  system  (folding  prism  and  focusing 
lens), which allows the beam to move along the surface during 
the synthesis of the colloidal solution (the total number N of 
pulses varied  in  the range 3000 – 10000).  In experiments, we 
used relatively low irradiation energy densities F0 in the range 
3 – 10 J cm–2, slightly exceeding the gold ablation threshold in 
water (for our conditions ~2 J cm–2 [15]), when the formation 
of two populations of nanoparticles  is clearly expressed. To 
investigate the optical properties of the obtained solutions, a 
DFS-458C  diffraction  spectrophotometer  was  applied.  The 
size  and  shape  of  the  nanoparticles  were  analysed  using  a 
JEOL-JEM2010  transmission  electron  microscope  (TEM), 
samples  for which were prepared by  evaporation of  several 
drops of a solution on a film of amorphous carbon deposited 
on a copper grid. The surface of the targets after irradiation 
was  studied  with  a  JEOL  JSM-6700F  scanning  electron 
microscope (SEM). 

Figure 1  shows a  typical TEM image of  the  synthesised 
particles.  Obviously,  there  are  two  populations,  i.e.  small 
nanoparticles with a characteristic size of ~10 nm, dominat-
ing  in  the  solution,  and  a  small  number  of  large  particles 
50 – 200 nm in size. The shape of all  the particles  is close to 
spherical. The scatter of small particles in size is well approxi-
mated by the log-normal distribution 
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with an average particle size da = 9 nm and a dispersion w = 
0.4. Here A  is  a  constant  proportional  to  the  total  surface 
concentration of small particles. The distribution of large par-
ticles is difficult to estimate from the TEM images because of 
insufficient statistics, but we can assume that it is apparently 
quite wide (Fig. 1). The average size of small particles is virtu-
ally  independent of  the  radiation energy density F0 and  the 
number N of pulses; the fraction of large particles decreases 
with  increasing F0  for  the  considered  irradiation  conditions 
near the ablation threshold. 

Figure 2 shows the spectral dependences of the extinction 
coefficient g = ln(I0 /I ) for two regimes of solution synthesis, 
where  I0  and  I  are  the  intensities  of  incident  radiation  and 
radiation transmitted through the solution, respectively. At a 
wavelength of ~525 nm, the maximum attenuation of light is 
attained, which is typical for spherical gold particles in water 
[5, 7, 8]. The position of the peak of the plasmon resonance 
depends  weakly  on  F0,  which  confirms  the  data  (obtained 
from TEM images) on the invariance of the distribution func-
tion of small particles, which make the main contribution to 
the  attenuation  of  light. With  decreasing  F0  the  resonance 
peak  becomes  broader,  and  the  extinction  coefficient 
decreases in the long-wavelength region of the spectrum less 
sharply due to an increase in the fraction of large particles in 
the solution. These observations are also consistent with the 
results of the TEM analysis. Increasing the number of  laser 
pulses leads to a linear increase in the amplitude of the extinc-
tion spectrum of the solution, indicating an increased concen-
tration of the particles without changing their sizes. 

To  determine  the  contribution  of  particles  of  different 
sizes into the optical characteristics of colloidal solutions, we 
calculated the extinction spectra by using the full Mie theory 
[16], which provides  for a  spherical particle of  radius R  the 
expression for the extinction cross section sext: 
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Here l is the laser wavelength; n0 is the refractive index of the 
medium (for water, n0 = 1.33 is assumed in the calculations); 
and  ai (R)  and  bi (R)  are  the  coefficients  whose  expressions 
have the form [16] 
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where np is the complex refractive index of the particle; and yi 
and hi are the spherical Riccati – Bessel functions. Calculation 
by formula (2) was limited to the second-order term describ-
ing the excitation of quadrupole electric field modes, which is 
acceptable  for particles  smaller  than 200 nm  [16]. Knowing 
the  cross  section  sext(d ),  we  can  determine  the  measured 
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Figure 1. Typical TEM image of the particles produced by laser abla-
tion of gold in water (laser energy density, F0 = 8.4 J cm–2; and the num-
ber of laser pulses, N = 10000). The inset shows a histogram of the par-
ticle  size distribution constructed on  the basis of an analysis of  eight 
images for this ablation regime; the solid curve corresponds to distribu-
tion (1) for small particles. 
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Figure 2. Experimental (solid curves) and calculated ( 1 – 4 ) extinction 
spectra of colloidal solutions of gold produced by laser ablation in wa-
ter at F0 = (a) 8.4 and (b) 5.5 J cm–2. Curves ( 1 ) shows the contribution 
of small particles, curves ( 2 ) – the contribution of large particles, curves 
( 3 ) – the total spectrum, curves ( 4 ) – the total spectrum for a fixed size 
of  small  particles  (9  nm).  Calculations  were  carried  out  for  (a)  ns  = 
9.3 ́  1012 cm–3, nl = 8 ́  108 cm–3 and (b) ns = 4.8 ́  1012 cm–3, nl = 5.5 ́  
108 cm–3. 



345Effect of nanoparticle sizes on the extinction spectrum of colloidal solutions

extinction coefficient g for a solution containing particles of 
different sizes by using the relation

jL ext j
j

g u s= / ,  (3)

where uj is the volume concentration of particles with a size dj 
in  the  solution,  and  the  summation  is  performed  over  all 
nanoparticle sizes; sext j = sext(dj); and L = 10 mm is the length 
of  the  optical  path  in  the  spectral  measurements.  It  was 
assumed  that  the  particle  size  distribution  in  the  solution 
obeys the same log-normal distribution (1), so that uj = f(dj)Dd, 
where Dd is the size step in the summation in (3) (in calcula-
tions Dd = 1 nm for d = 1 – 30 nm and 10 nm for d > 30 nm). 
Consequently, if we confine ourselves to a contribution to the 
attenuation of radiation from only a population of small par-
ticles, the constant A in (1) is equal to the total volume con-
centration  of  these  particles,  ns,  whose  value  can  be  deter-
mined  by  comparing  the  absolute  values  of  the  extinction 
coefficients  obtained  in  the  calculations  and  in  the  experi-
ment. The parameters da and w of distribution (1) were also 
varied in order to achieve a coincidence of the experimental 
and calculated spectra. In the calculations, the spectral depen-
dences [17] were used for the optical characteristics of gold. In 
this case, the dependence of the permittivity of the particles 
on their size was taken into account [1]. 

The calculated extinction spectrum of the particles with 
an  average  size  das  =  9  nm  and  distribution  (1)  does  not 
describe the experimental data in the long-wavelength region 
of the spectrum (see Fig. 2). The discrepancy was eliminated 
by taking into account the scattering and absorption of light 
by large particles. As a distribution of these particles in size, 
we also used the dependence (1) with free parameters da l, wl 
and А = nl, which were found from the condition of the best 
agreement  between  the  calculation  results  and  the  experi-
ment (here the subscript ‘l’ refers to large particles, and nl is 
the  total  volume  concentration  of  these  particles).  In  this 
case, the shape of the extinction spectrum is determined by 
the  ratio  of  the  concentrations  ns/nl  rather  than  by  their 
absolute values. For the spectra in Fig. 2, we have found the 
following values: da l = 140 nm (independent of F0), ns/nl = 
1.2 ́  104 (which agrees qualitatively with the TEM analysis 
in Fig. 1), wl = 0.2 for F0 = 8.4J cm–2 and ns/nl = 9 ́  103, wl = 
0.5 for F0 = 5.5 J cm–2. Note that for the correct description 
of  the  extinction  spectrum,  it  is  necessary  to  take  into 
account the particle size distribution. Thus, the calculation 
for the case of small particles with a fixed size of 9 nm (with 
allowance  for  the  contribution of  large particles) does not 
describe the experimental spectrum in the short-wavelength 
region (Fig. 2a).

A comparison of the absolute values of the extinction coef-
ficient obtained in the calculations and in the experiment made 
it possible to determine the concentrations of both populations 
of particles in the solution, which cannot be done on the basis 
of a TEM analysis. In particular, for F0 = 8.4 J cm–2 and N = 
10000  (Fig.  2a),  the  concentration  of  small  particles  (das  = 
9  nm) is ns = 9.3 ́  1012 cm–3, and the concentration of large par-
ticles (dal = 140 nm) is nl = 8 ́  108 cm–3, i.e., by four orders of 
magnitude  lower.  Knowing  the  concentrations,  we  can  esti-
mate  the  total masses  of  the  particles  in  the  solution, which 
were 1.8 mg for small particles and 0.6 mg for large particles. 
The total calculated mass of the particles (2.4 mg) is  in good 
agreement with the result of direct weighing of the dry residue 
of the solution after evaporation of water (2.7 ± 0.1 mg). 

It should be noted that  the proposed method allows for 
some ambiguity in determining the sizes of colloidal nanopar-
ticles from the extinction spectra. Thus, the spectra in Fig. 2 
can be described equally well by varying the average size of 
small particles in the range of 6 – 12 nm at a slight correction 
of the size of large particles. Analysis of the spectra obtained 
under different conditions showed that the error in determin-
ing the sizes for small and large particles using the Mi theory 
is approximately ±30 %.

The  presence  of  two  types  of  particles  in  the  solution 
implies  different  mechanisms  of  their  formation  [4,  8,  14]. 
Presumably,  small  nanoparticles  are  formed  due  to  nucle-
ation and growth in a laser plasma [7, 14] or due to sputtering 
of a molten target under the action of vapour pressure [5, 13]; 
the main mechanisms for the formation of submicron parti-
cles are  the  emission of microdroplets  in  explosive ablation 
(phase explosion) [4, 12] and particle aggregation during the 
collapse of a cavitation bubble [8, 14]. Our experiments give 
information about the origin of large particles in the condi-
tions  under  consideration.  In  particular,  a  phase  explosion 
due to low-intensity laser pulses seems unlikely, since it mani-
fests  itself  in a threshold manner at energy densities F0  that 
are much higher than the ablation threshold [18, 19]. In the 
present study,  large particles are observed near the ablation 
threshold, and their concentration decreases with increasing 
F0. This behaviour is more typical for the emission of micro-
droplets  from  the  molten  surface  due  to  its  hydrodynamic 
instability, i.e., for a mechanism well known for nanosecond 
laser ablation in a vacuum or background gas [20 – 23]. Thus, 
experiments on the deposition of thin films during ablation of 
metals  by  low-intensity  laser  pulses  demonstrate  that  emis-
sion  from  the  surface  of  micron  and  submicron  droplets 
decreases with increasing irradiation energy density [20, 24]. 
Analysis  of  laser  spots  by  scanning  electron  microscopy 
shows that the initially polished surface of gold irradiated by 
10 laser pulses in water acquires a small-scale wave-like struc-
ture  (Fig.  3),  evidencing  the  development  of  hydrodynamic 
instability  of  the  melt  [22,  25].  It  counts  in  favour  of  this 
mechanism that large particles are spherical (Fig. 1), which is 
a less likely scenario in the aggregation of small particles [7], 

4 mm

20 mm

Figure 3. SEM  image  of  the  gold  surface  after  irradiation  (F0  = 
8.4 J cm–2, N = 10). The inset shows a fragment of the surface on an 
enlarged scale.
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although the coalescence of liquid nanoparticles in a cavita-
tion bubble cannot be excluded. One can see from Fig. 3 that 
a fraction of the emitted particles is deposited on the surface 
of the target, which is apparently due to the reverse motion of 
the  ablation  products  when  the  bubble  collapses  [14]. 
Irradiation with  subsequent pulses  can  carry  these particles 
back to solution as a result of shock cavitation.

Thus,  based  on  the  Mie  theory,  we  have  developed  a 
method for analysing the extinction spectra of colloidal solu-
tions containing populations of nanoparticles with widely dif-
fering masses, which allows one to determine the presence of 
bimodality in the particle size distribution from the spectral 
dependence of the extinction coefficient and also to estimate 
the  average  particle  size  and  concentrations  of  particles  of 
individual populations. The method has been  tested  for  the 
case of gold nanoparticles in water, but it can also be used to 
analyse  colloidal  solutions  of  other  metals  synthesised  by 
laser ablation in liquids. 
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