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Abstract.  We report the results of experiments on estimation of 
femtosecond laser threshold intensity at which nanoparticles are 
removed from the substrate surface. The studies are performed 
with nanoparticles obtained by femtosecond laser ablation of pure 
aluminium in distilled water. The attenuation (or extinction, i.e. 
absorption and scattering) spectra of nanoparticles are measured 
at room temperature in the UV and optical wavelength ranges. The 
size of nanoparticles is determined using atomic force microscopy. 
A new method of scanning photoluminescence is proposed to evaluate 
the threshold of nanoparticle removal from the surface of a glass 
substrate exposed to IR femtosecond laser pulses with intensities 
1011 – 1013 W cm–2. 
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1. Introduction 

Micro-  and  nanostructuring  of  aluminium  [1 – 3]  and  pre-
paration  of  aluminium  nanoparticles  and  nanoclusters  are 
not only of scientific but also of practical interest. Aluminium 
is  the  cheapest  of  plasmon materials  (gold,  silver,  etc.)  and 
has  a  relatively  low melting  point,  which  greatly  simplifies 
synthesis  of  nanoparticles  [2].  At  the  same  time,  the  range 
of possible applications of aluminium nanoparticles is con-
tinuously expanding: Due to their optical characteristics they 
can be used in plasmonics [4 – 6] and optoelectronics (as power 
attenuators [2], in metal-enhanced fluorescence to detect bio-
molecules [7, 8], and in surface-enhanced Raman spectroscopy 
[9]), as well as  in  improved fuel mixtures  [10]  (in particular, 
rocket propellants [11]), because they have an increased heat 
transfer  (in  the  case  of  exothermic  oxidation  reaction)  and 
ignition probability [11]. 

Among many currently developed methods of fabrication 
of aluminium nanoparticles and nanoclusters  [2, 5, 12],  laser 
ablation has a number of significant advantages [12] because 
it  allows  synthesis  of  nanoparticles with  different  sizes  and 
structure  (including  hollow  ones  [13, 14]),  as  well  as  high 
purity and narrow size distribution. In laser ablation of alu-
minium use is often made of nanosecond [15], picosecond [16] 
and femtosecond [2, 16 – 18] lasers. The latter have an advan-
tage because they make it possible to minimise oxidation of 

the surface of nanoparticles  [13, 16] by reducing  the  time of 
interaction of aluminium with the surrounding liquid. 

The morphology obtained by laser ablation of nanopar-
ticles and  the degree of oxidation depend not only on  laser 
parameters  (wavelength, pulse duration,  intensity), but also 
on  the  type of  the  solution used  (despite  the  fact  that  laser 
ablation of  aluminium  is  also possible  in  vacuum and air, 
collection of nanoparticles synthesised in liquids is more con-
venient).  For  laser  ablation  and  fabrication  of  aluminium 
nano particles and nanoclusters use is made of the following 
solvents: water [15, 16]; ethanol [16, 19], acetone and ethylene 
glycol [19]; polar and nonpolar organic solvents such as chloro-
form and carbon tetrachloride, respectively [20]; and non-ionic 
polymers and anionic surfactants [21]. Using ethanol instead 
of  acetone  favours  the  formation  of  smaller  nanoparticles 
with a narrow size distribution [21]. The presence of a gas dis-
solved  in  a  liquid  also  affects  the  structure  of  synthesised 
nanoparticles [13]. Thus, saturation of a liquid with hydrogen 
leads to the formation of cavities  in nanoparticles  [14]. Pre-
paration  of  aluminium  oxide  (Al2O3)  nanoparticles  is  also 
of  practical  interest  in  view  of  the  properties  of  the  latter, 
namely, high stability, strength, transparency and very effective 
insulation properties. 

In this paper we present the results of experiments aimed 
at determining the laser intensity at which nanoparticles pro-
duced by femtosecond laser ablation of aluminium in distilled 
water are removed from the surface of a glass substrate irra-
diated by IR femtosecond laser pulses. A new original method 
of femtosecond scanning photoluminescence is proposed and 
implemented for diagnostics of the presence of nanoparticles 
on the substrate surface.

2. Synthesis of nanoparticles 

Nanoparticles  were  synthesised  by  femtosecond  laser  abla-
tion  of  pure  aluminium  immersed  in  distilled  water.  This 
method allows one  to obtain  chemically pure nanoparticles 
that are free of surfactants and can be used in further studies 
without additional preparation and  treatment  (as opposed 
to commonly used methods of chemical synthesis). 

Aluminium  nanoparticles  produced  in  laser  ablation  of 
pure  aluminium  in  distilled  water  are  transformed  in  an 
aqueous solution either  into aluminium oxide nanoparticles 
or  aluminium  nanoparticles  coated  by  a  thin  aluminium 
oxide layer as a result of interaction with oxygen. The degree 
of oxidation of aluminium nanoparticles depends on the pulse 
duration  and  laser  wavelength.  In  using  femtosecond  laser 
pulses, the thickness of the oxide layer formed on the surface 
of an aluminium nanoparticle does not exceed the thickness of 
the oxide film resulting from natural oxidation of aluminium 
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and prevents further formation of the oxide film. Laser UV 
radiation  with  a  wavelength  close  to  that  of  the  plasmon 
resonance of synthesised nanoparticles can cause additional 
heating, which leads to a more effective interaction with the 
environment containing nanoparticles and, consequently, to 
their complete oxidation [16, 22]. 

Thus, metal aluminium nanoparticles should be synthesised 
in  oxygen-free  liquids  exposed  to  femtosecond  laser  pulses 
at  a  wavelength  that  is  different  from  that  of  the  plasmon 
resonance of the nanoparticles produced. 

As a source of  laser pulses we used a  femtosecond  laser 
system with  an active medium based on a  tungstate  crystal 
doped with ytterbium (Yb : KYW) (TETA laser system, Avesta-
Project).  The  femtosecond  laser  allowed  the  generation  of 
laser  pulses  with  a  duration  of  285  fs  at  a  wavelength  l  = 
1028 nm, which were then converted using a nonlinear optical 
crystal  into pulses with a wavelength l = 514 nm (second 
harmonic) and a maximum energy of 6 mJ. The  laser pulse 
repetition rate was 5 kHz. 

Laser radiation was focused onto the target by a LOMO 
10´ microlens with a numerical aperture NA = 0.25. The focal 
spot size of  laser radiation on the target was determined by 
the method from [23], according to which we first plotted the 
dependence of  the  square  radius of  the ablation crater of a 
silicon array on the logarithm of the energy of a single laser 
pulse,  and  then  using  the  linear  approximation  of  experi-
mental points we determined the Gaussian beam parameter 
r0. For l = 514 nm, the transverse size of the focal spot was 
2.2 mm at the 1/e of the maximum intensity, and the thres-
hold energy density at which silicon is ablated was equal to 
0.52±0.06 J cm–2. 

As a target for synthesis of nanoparticles we used a polished 
plane-parallel  high-purity  aluminium  (grade A999)  plate  of 
thickness 500 mm and area of 1 cm2. The  target was placed 
in a Petri dish which was filled with 5 mL of distilled water. 
Laser radiation was launched through a 170-mm-thick quartz 
glass glued  into  the bottom of  the Petri dish. The thickness 
of the liquid layer between the glass and the target was 2 mm. 
The Petri  dish with  the  target was  placed  onto  a  software-
controlled motorised XY sample stage of an inverted micro-
scope. The stage was continuously moved along a predeter-
mined trajectory during the laser pulse action on the target. 
Nanoparticles were synthesised at an energy density (32 J cm–2) 
of  laser  radiation  incident on  the  surface of  the  aluminium 
target. The synthesis time was 2.5 h. 

For  further  investigation and reduction of  the nanopar-
ticle  size  dispersion,  the  initial  aqueous  solution  containing 
large ablation products of the aluminium target and nanopar-
ticles was subjected to two-step centrifugation with a centri-
fuge speed of 3000 rpm. The duration of  the centrifugation 
step was 20 min. 

3. Extinction spectra of nanoparticles 

To study the optical and plasmonic properties of the synthe-
sised nanoparticles, we measured extinction spectra of nano-
particles  located in a distilled water solution in the UV and 
visible wavelength ranges. Using a SF-26 spectrophotometer 
we first determined the transmittance T of the nanoparticles, 
equal to the ratio of the intensity I of the radiation flux passing 
through the cell with a nanoparticle solution in distilled water 
to  the  intensity  I0 of  the  radiation  flux passing  through  the 
cell with nanoparticle-free  distilled water. Then, we plotted 

the wavelength dependence of the value of extinction 1 – T. 
Figure 1 shows the extinction spectra of the synthesised alu-
minium  nanoparticles  before  and  after  centrifugation.  One 
can see  that after  this procedure  the extinction spectrum of 
the nanoparticles becomes narrower in comparison with the 
initial spectrum and the long-wavelength part of the spectrum 
(450 – 800 nm) is blueshifted (300 – 450 nm). In this case, the 
maximum in the extinction spectrum at l = 200 nm becomes 
pronounced and a spectral feature in the vicinity of l = 250 nm 
begins to emerge. 

As  shown  by  theoretical  calculations  of  the  absorption 
spectra of an aqueous solution of spherical aluminium nano-
particles [24], the plasmon resonance peak for particles with a 
diameter of 10 nm corresponds to ~200 nm, and its red shift 
is explained by an increase in the transverse size of the nano-
particles  [6, 24, 25].  On  the  other  hand,  the  red  shift  of  the 
plasmon resonance of aluminium nanoparticles can be caused 
by their oxidation, because in the UV wavelength range the 
refractive  index  of  aluminium oxide  is  greater  than  that  of 
water. Thus, for an aqueous solution of 20 –50 nm aluminium 
oxide nanoparticles the maximum of the absorption spectrum 
corresponds to l = 210 nm [26]. Typically, the thickness of the 
aluminium oxide layer on the nanoparticle is 1.7 – 6.0 nm and 
is independent of its size [27].

Thus, based on the measurements of the extinction spec-
tra and on the analysis of previously performed experiments, 
we can assume that in the process of femtosecond laser abla-
tion of aluminium in distilled water we synthesised aluminium 
nanoparticles coated with a thin layer of an oxide film. 

4. Evaluation of the size of the nanoparticles 

Figure  2  shows  a  three-dimensional  image  of  the  surface 
topography of the substrate with the deposited nanoparticles. 
The  image was  obtained  using  an  atomic  force microscope 
(AFM) by a semi-contact method for studying surfaces. The 
sample was prepared by drying a droplet of an aqueous solu-
tion of aluminium nanoparticles on a mica substrate. 

Figure 3 shows AFM images of the surface topography of 
the  substrate  with  the  nanoparticles  and  the  surface  cross-
sectional profiles constructed along the respective lines. 
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Figure 1. Experimental  extinction  spectra  of  aluminium  nanoparticles 
before ( 1 ) and after ( 2 ) centrifugation. 
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Despite  the  fact  that  the atomic  force microscopy allows 
a high spatial resolution, the data on the relief of the surface 
under study do not always adequately reflect the real features 
of the surface. This is primarily due to the fact that the AFM 
images are completely different (in physics of processes under-
lying imaging) from images formed using a conventional opti-
cal microscope or an electron microscope, which exclude the 
impact of the research tool on an object and produce no image 
artifacts. In fact, there exist the following sources of artifacts of 
AFM images: probe tip of a cantilever, nonlinearity of the posi-
tioner  (scanner)  movement,  external  vibration,  noise  in  the 
feedback  loop  and  errors  in  software  image  processing. The 
most common artifacts of atomic force microscopy are those 
associated with the probe: the effect of ‘profile broadening’ due 
to  the  convolution of  the probe  shape with  the  shape of  the 
object (the probe size is greater than or comparable to the size 
of  the object), and the effect of  ‘height  flattening’ due to  the 
elastic deformation of the objects in question. 

In  our  measurements  we  used  a  semi-contact  (tapping) 
scanning method according  to which  the probe  tip periodi-

200 nm

Figure 2. Three-dimensional AFM image of the substrate surface with 
the nanoparticles. 
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Figure 3. (a) AFM images of the surface topography of the substrate with the nanoparticles and (b) surface cross-sectional profiles constructed 
along the respective lines in Fig. 3a. 
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cally touches the sample surface under oscillation, but only for 
a small part of the oscillation period. This method is widely 
used  in  studies  of  nanostructured  surfaces  and  has  certain 
advantages over contact methods. First of all, in this method 
the  probe  tip  produces  less  pressure  on  the  surface,  which 
makes it appropriate for fragile and soft samples. The main 
artifact  of  the  semi-contact method  is  the  effect  of  ‘profile 
broadening’, i.e. the transverse size of protruding objects on 
the sample surface is much greater than the real size, and its 
value can only be used as the upper limit for the true size esti-
mates. However, the height of the objects will be determined 
fairly  accurately.  In  analysing  the  data presented  in Fig.  3, 
it  can  be  concluded  that  the  diameter  of  the  synthesised 
nanoparticles is about 10 – 45 nm. 

5. Measurement of the removal threshold 
of nanoparticles from the substrate surface 

To measure  the  threshold  intensity  of  a  femtosecond  laser 
pulse, at which synthesised nanoparticles are removed from 
the surface of a glass substrate, we proposed and implemented 
a femtosecond photoluminescence scanning method. 

The method consists in a sequential measurement of the 
spectrum-  and  time-integrated  intensity  of  photolumines-
cence of nanoparticles in the same region on the substrate and 
in the same wavelength range before and after the action of a 
heating laser pulse, as well as in a subsequent analysis of the 
relationship of integrated photoluminescence intensity before 
and after exposure as a function of the energy density of the 
heating laser pulse or its intensity. 

Single-, two- and multiphoton luminescence of bulks and 
nanoparticles of d-block metals that occurs under their irra-
diation by nano- and femtosecond laser pulses is well known 
[23, 28 – 30]. The authors of Refs [31 – 33] studied single-pho-
ton  excitation  of  luminescence  of  aluminium  oxide  by UV 
radiation. In the case of oxide-film-coated aluminium nano-
particles exposed to IR femtosecond laser pulses, multiphoton 
absorption  in  the aluminium oxide  layer  results  in  lumines-
cence excitation, which is a kind of a marker that determines 
the presence of a nanoparticle. 

Photoluminescence  of  nanoparticles  was  excited  due  to 
multiphoton  absorption  of  IR  radiation  of  a  TEMA  laser 
(Avesta Project) at l = 1048 nm with a pulse duration of 110 fs, 
a pulse energy of about 3 nJ, and a pulse  repetition rate of 
71 MHz [28, 29]. The energy of the probing femtosecond laser 
pulse  was  chosen  sufficient  to  firstly  ensure  the  maximum 
photoluminescence  quantum yield  of  nanoparticles without 
damaging the region with the nanoparticles on the substrate, 
and secondly to ensure the absence photoluminescence under 
irradiation  of  a  clean  substrate  without  nanoparticles  by  a 
laser pulse. The laser beam was focused onto the sample by 
a LOMO 20´ microlens with a numerical aperture NA = 0.4 
to a spot with a diameter of ~2 mm. The maximum energy 
density at the sample was 60 mJ cm–2 in view of the transmit-
tance of the optical elements of the optical scheme. 

Emission of photoluminescence collected by a microlens 
was directed onto the entrance slit of an Acton SP2300i spec-
trograph.  The  spectrograph  employed  a  ruled  diffraction 
grating (50 lines mm–1, Richardson gratings) with a maximum 
of reflection efficiency at l = 600 nm. Using a grating with a 
small number of lines made it possible to record spectra in the 
400 – 650 nm range per measurement. The boundaries of the 
spectral range were determined by the detector sensitivity in 

the red region of the spectrum and the diffraction grating effi-
ciency in the blue region. As a radiation detector we used an 
intensified  high-sensitivity  cooled  CCD  camera  (PI-MAX). 
In the spectrometric path between the microlens and the spec-
trograph slit we installed a bandpass filter that protected the 
CCD camera from the laser light at l = 1048 nm. The expo-
sure time of one frame of the CCD camera was 25 ms. The 
signal  accumulation  was  carried  out  by  the  summation  of 
40 exposures. 

Two-dimensional  images  of  the  spectra  were  summed 
up  along  the  spatial  coordinate  in  the wavelength  range  of 
500 – 650 nm. The bandwidth  (along  the  spatial coordinate) 
was chosen slightly larger than the photoluminescence spot. 

The sample in question was prepared as follows. A drop 
of  an  aqueous  solution  of  aluminium  nanoparticles  with  a 
volume of  10 mL was  first placed on a 170-mm-thick  sterile 
plane-parallel glass plate and then dried in a FASTER TWO-30 
laminar flow cabinet in a dust-free air environment. 

As a source of heating laser pulses we used a TETA femto-
second laser system (Avesta Project), which generated single 
laser  pulses.  For  this  purpose,  the  experimental  scheme 
employed  a  pulse  selector  consisting  of  an  electro-optic 
modulator mounted between  two crossed Glan – Thompson 
prisms, a high-voltage generator, a time delay unit and a con-
trol unit. A polarisation attenuator, which consisted of a half-
wave plate and a Glan – Thompson prism, allowed the laser 
pulse  energy  to  be  tuned  from  a  few  nanojoules  to  a  few 
microjoules. The laser pulse energy measurements were per-
formed using a calorimeter and a calibrated photodiode with 
a set of neutral filters. 

The heating  laser beam was focused onto the sample by 
the  same microlens,  as  was  the  case  of  photoluminescence 
excitation; however,  the  size of  the heating  laser pulse  spot 
was four times larger than the spot size of the laser light excit-
ing the luminescence. This was done in order to ensure a guar-
anteed penetration of the probe laser pulse in the area of the 
heating laser pulse action. To change the size of the laser spot 
on the sample we used a telescope, assembled in accordance 
with a Galilean scheme, which changed the divergence of the 
laser radiation. The diameter of the heating laser beam spot in 
the sample plane was ~8 mm. 

Each  new  pair  of  spectra  (before  and  after  the  heating 
pulse action) at a specific energy density of a laser pulse was 
measured at a new location on the sample. In the experiments, 
the maximum energy of the heating laser pulse was limited by 
the  energy  at  which  the  glass  substrate  with  nanoparticles 
began to degrade. 

The removal  threshold of  the nanoparticles, which were 
deposited on a glass  substrate  subjected  to  IR  femtosecond 
laser pulses, in the air was studied for three different heating 
laser pulse durations of 270, 540 and 750 fs in the same range 
of  energies. Figures  4  and 5  show  the  ratio of  the  lumines-
cence intensity Ifin of the nanoparticles after the exposure to 
the heating laser pulse to the luminescence intensity Iin before 
the exposure as a function of the intensity and energy density 
of the heating laser pulse at its different durations. 

One can see from Fig. 4 that all the experimental points lie 
on the same curve at different durations of the heating laser 
pulse. A decrease in the yield of multiphoton photolumines-
cence  of  nanoparticles  is  associated  with  a  change  in  their 
number  in  the  interaction  region  and occurs with  the  same 
intensity and different pulse durations. An insignificant photo-
luminescence level at intensities higher than 1.5 ́  1013 W cm–2 
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is  possibly  due  to  the  fact  that  the modified  surface  of  the 
substrate  is  doped  by  a  small  number  of  nanoparticles. At 
heating pulse intensities less than 1012 W cm–2, one observes 
a slight reduction in the yield of luminescence, which results 
from the modification of nanoparticles and from changes in 
their  spatial  distribution  in  the  region  of  the  heating  laser 
pulse action [23]. 

6. Conclusions 

We have used  the method of  femtosecond  laser ablation of 
the surface of pure aluminium in distilled water to synthesise 
10 – 45 nm (using AFM) nanoparticles. We have measured the 
transmission spectrum of an aqueous solution with nanopar-
ticles. A new method of femtosecond scanning multiphoton 
photoluminescence  has  been  employed  to  obtain  new  data 
on the IR femtosecond laser pulse intensity (~1012 W cm–2) 

at  which  nanoparticles  deposited  on  a  glass  substrate  are 
removed.  The  dependence  of  the  energy  density  of  a  laser 
pulse on  its duration  in  the  range of  100 – 1000  fs has been 
studied. Analysis of  the experimental results shows that  the 
removal of  the nanoparticles  is  completely governed by  the 
femtosecond laser pulse intensity. 
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Figure 4. Ratio Ifin /Iin of the nanoparticle luminescence intensities before 
and after the heating laser pulse action as a function of the intensity of 
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Figure 5. Ratio Ifin /Iin of the nanoparticle luminescence intensities before 
and after the heating laser pulse action as a function of the energy density 
of this pulse at its different durations.
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