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liquids for deposition of thin films with variable optical
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Abstract We report the results of continuous wave
laser interactions with both gold and silver targets in
the presence of different liquids (deionized water,
ethanol, and glycerol). Upon moderate laser irradi-
ation at wavelength of 1.06 nm during 30 min,
nanoparticle colloids are shown to be formed with
surprisingly narrow size distributions and average
dispersion as small as 15-20 nm. The average
particle sizes range between 8 and 52 nm for gold
and between 20 and 107 nm for silver. This
parameter is shown to be stable and well-controlled
by such laser parameters as intensity and effective
irradiation time, as well as by the choice of the
liquid phase. The possibilities of an efficient control
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over the proposed synthesis techniques are dis-
cussed, and the results of a bimetallic Au-Ag
structure deposition from the obtained colloids are
presented. The formation of the extended arrays of
gold and silver nanoparticles with controlled mor-
phology is examined. The changes in the optical
properties of the obtained thin films are found to
depend on their morphology, in particular, on the
particle size, and distance between them.
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Introduction

Nanoparticles of noble metals are widely used for
various applications in many areas such as nanopho-
tonics, nano- and microelectronics, and photochem-
istry. The development of these applications relies on
the properties of the generated structures that start
deviating from those of massive samples when the
particle size drops below around 100 nm (Lee and El-
Sayed 2006; Letfullin et al. 2006; Mafune et al. 2003;
Sylvestre et al. 2004). Such dimensional effects
change characteristic parameters of various processes
(the frequency of plasmon resonance, electron free
path length and others) and define physicochemical
properties of nanosystems.

Thin-nanostructured noble-metallic films demon-
strate nonlinear optical effects in visible spectral range
because of their plasmonic properties (Genov et al.
2004). In addition, optical characteristics of these thin
films strongly depend on the period of the formed
surface structures (Destouches et al. 2014). If the
distance between the deposited particles is close to
their sizes, the optical properties of the randomly
deposited structures may considerably differ from
these of periodical structures (Persson and Liebsch
1983). Thus, sintering of the bimetallic gold and silver
complexes results in pronounced changes of the
optical properties (Sonay et al. 2012). In this case,
both morphology and shape of the deposited particles
influence the final optical properties. One of the
challenging issues in the demonstration of the scale-
effect for metallic thin films is the control over
particles size.

Laser ablation is considered to be one of the
versatile methods of nanoparticle generation that
allows a reliable control over particle sizes (Sylvestre
et al. 2004). In particular, the presence of nanoparti-
cles was demonstrated in pulsed laser deposition
performed both in vacuum and in inert gases (Gouriet
et al. 2009). Laser ablation in liquid media, further-
more, was shown to be a promising approach for a
wide range of applications (Abramov et al. 2014;
Barmina et al. 2010; Itina 2011; Simakin et al. 2001).
In contrast to nanoparticles synthesized by chemical
techniques, nanoparticles generated by laser ablation
in liquids can be free of surface active substances and
irrelevant ions (Barcikowski et al. 2007), thus provid-
ing a possibility of generating chemical “pure”
colloids.
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The properties of nanoparticles generated by laser
ablation in liquids depend on many parameters, such
as laser wavelength, laser pulse duration, laser fluence,
material absorption, and choice of the liquid. (Bar-
cikowski et al. 2007; Barmina et al. 2010; Besner et al.
2007; Riabinina et al. 2012). One of the main
difficulties in the application of high-intensity laser
sources is high plasma energy and droplet formation,
which are really hard to avoid. When pulsed lasers are
used, furthermore, laser intensity is typically suffi-
ciently high for laser-induced nanoparticle fragmen-
tation to occur during nanoparticle formation in
colloids, considerably complicating the prediction of
the experimental results. In fact, strong shock waves,
phase transitions, and cavitation bubbles are known to
be generated by both nanosecond and femtosecond
pulse durations. Under such conditions, not only target
is affected by laser action, but also particles, if they are
present in the surrounding liquid (Akman et al. 2011;
Lee and El-Sayed 2006). In addition, such effects as
optical breakdown and liquid decomposition were
reported to occur at high laser intensities (Liu et al.
2009). These effects can result in uncontrollable
changes in both particle size and size distribution.

When a continuous wave laser is used for nanopar-
ticle production, and its intensity is typically orders of
magnitude smaller than the one in pulse-periodic
regime. The role of laser is mostly thermal in this case.
For a particular range of laser intensities, melting of the
target is expected leading to a molten bath/layer
formation, whose thickness is defined by the coeffi-
cient of thermal diffusion of the target material.
However, liquid is typically heated too, and its
convective movement can prevent the formation of
shock waves, of a cavitation bubble, or of a gas cavity
with a high gas pressure. Therefore, both the mecha-
nisms and sizes of nanoparticle formed by continuous
wave laser are different from the ones in pulsed-
periodic regime and are not yet completely understood.

Here, we present an experimental study of the
interaction of a continuous laser radiation with noble
metal targets in liquid media. We show that such a
choice of the laser system can provide a possibility of a
reliable control over mean nanoparticle dimensions
and over the dispersion. The obtained results are
analyzed as a function of laser parameters for several
liquids (deionized water, ethanol, and glycerol), and
the involved mechanisms are then discussed.
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Furthermore, we present the results of laser-induced
thermal deposition of nanoparticles from the colloids
leading to the formation of bimetallic clusters on a
transparent substrate. The possibility of a bimetallic
multilayer formation with controllable morphology is
demonstrated. Optical properties and possible applica-
tions of the obtained structures are finally discussed.

Synthesis of nanoparticles by CW laser irradiation
in liquids

Experimental details

The process of noble metal nanoparticle formation is
examined under continuous wave (CW) laser scanning
of bulk metal targets composed of 99.9 % Au or of
99.9 % Ag placed in a liquid medium. In the presented
experiments, Ytterbium fiber (Yb-fiber) laser with a
diode pumping was used. A laser beam with the
diameter d = 30 +~ 100 pm was focused on the target
surface proving the radiation intensity from 10° to
10° W/cm?. Laser scanning was performed by varying
the motion speed v of a mechanized table between
1 pm/s and 1 mm/s with a minimum step of 1 pm.
Thus, the characteristic time of laser action © = d/
v could be varied from 0.01 to 10 s by changing either
dor v. The total laser scanning time was 30 min within
around 1 mm length at the surface.

Laser power was varied in the range from 40 to
100 W. The following liquids were used as a solvent:
ethanol (C,HsOH), glycerol (C3Hs(OH)3), and deion-
ized water (H,O). Thus, we varied such parameters as
liquid viscosity, compressibility, heat conductivity,
boiling, and evaporation temperatures. These liquid
properties are known to determine the expected
thermodynamic and hydrodynamic effects when
nanoparticles are produced in liquid colloids (Abra-
mov et al. 2014; Linz et al. 2015). However, their roles
are not yet completely understood. In what follows, we
analyze the corresponding effects produced using
either CW or nanosecond laser.

Experimental results
CW laser-induced particle formation and their sizes

Figure 1 demonstrates the central part of the target
surface after the action of a continuous laser

radiation with beam diameter of 100 um and surface
scanning velocity of 100 pm/s. Laser power was
varied from 40 to 100 W. With the increase in laser
power, the evidences of local melting of the thin
layer in the central part of laser-irradiated area
becomes more and more pronounced (Fig. lc—d).
For the largest used laser power, a channel with
depth up to 5 um was formed on both gold and
silver target surfaces. This depth was determined
during the cavity structure examination and the
sample was bent by 20 °C with respect to the
normal. Similar procedure was used for both gold
and silver, and the difference in depth was negligible
in the considered laser intensity range.

As a result of laser irradiation of silver target,
similar structures are found to be formed at the surface
(Fig. 2). Because thermal conductivity of silver is
smaller than that of gold, thermal effects are more
pronounces here, and the resulting surface structures
are larger.

After laser irradiation, the sizes of the particles
were measured in the colloid using the particle
dimension analyzer based on the principle of the
dynamic light diffusion (Horiba LB-550). The corre-
sponding size distributions are shown in Fig. 3. The
values presented in Figure are averaged by six
consecutive measurements, where the time difference
between the measurements is one minute. We note that
no considerable change in time was observed. These
results prove high colloidal stability, which is con-
firmed by measuring zeta-potential of the obtained
colloid systems in the range of 18-35 mV during
30 days with the increase in laser radiation intensity.
In addition to the confirmed stability, these results
demonstrate that the obtained distributions are sur-
prisingly narrow, with size dispersion on the order of
the mean size. Interestingly, neither bimodal size
distribution nor distribution with a long tail was
obtained.

Now, when relatively small particle size, good
stability, and dispersion are confirmed, we turn to the
role of both laser parameters and material/liquid
properties. First, we vary laser parameters, such as
laser intensity and the mean irradiation time.

Figure 4 clearly demonstrates the effect of laser
intensity on the mean nanoparticle sizes. One can see
experimentally measured mean nanoparticle diameter
for both gold and silver targets placed in different
liquids.

@ Springer
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Fig. 1 Scanning electric microscope (SEM) images of Au target after continuous laser irradiation with beam diameter of 100 pm and
laser power of a 40 W, b 60 W, ¢ 80 W, and d 100 W. All images present the central part of the laser-irradiated area

In addition, the mean particle diameters and the
mean dispersion are summarized in Table 1. We note
that because the distributions are not symmetric, the
mean diameters provide just an indication of particle
sizes, and particle size dispersion varies with change
in liquid. Interestingly, the dispersion is smaller in
glycerol and increases when water and ethanol are
used.

When a CW laser is used, another important
parameter is typically laser irradiation time. Figure 5
shows how this parameter affects sizes of laser-

@ Springer

generated particles. Here, silver target was irradiated
with laser beams of different intensities. One can
clearly see that the particle diameter can be also
controlled by the laser irradiation time. In particular, a
considerable growth is observed when the laser
irradiation time rises from 5 and 10 s. However, it is
still possible to obtain smaller nanoparticles with
diameters of 20-40 nm by choosing higher scanning
speed.

The obtained results can be explained by the
peculiarities of the nanoparticle formation processes
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Fig. 2 SEM images of the silver target after continuous laser irradiation with beam diameter of 100 um and laser power of a 40 W,
b 60 W, ¢ 80 W, and d 100 W. All the images show the central part of the laser-irradiated area

by the CW laser in liquids. Typically, CW laser
irradiation leads to both liquid and metal heating
followed by metal material ejection and nanoparticle
formation. The more material is ejected from the
target, the larger is the primary nanoparticle diam-
eter. Evidently, a raise in laser intensity and/or in
the effective laser irradiation time increases temper-
atures of both the metal target and of the surround-
ing liquid. Even if the ambient liquid does not
absorb laser radiation, a part of energy is transferred

from the heated metal to the surrounding medium,
leading to such effects as nanobubbles formation
near the metal surface, absorbing plasma layer, or to
liquid boiling at higher laser intensities. Nanobubble
collapse gives rise to the metal surface erosion and
to the following nucleation of small metallic
nanoparticles. If, furthermore, metal melting point
is reached, the melted layer gets thicker with both
laser intensity and laser irradiation time. This layer
suffers not only from the recoil pressure, but also

@ Springer
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Fig. 3 Size distribution histograms obtained for a gold and b silver after continuous laser irradiation in glycerol with laser intensity
I = 10° W/em?. Similar results obtained for ¢ gold and d silver with / = 10® W/cm?

Fig. 4 The average size, d.,, nm
d,,, of the generated gold
. . 160
and silver nanoparticles as a
function of laser intensity
for different liquids: / gold 140
in glycerol; 2 gold in water;
3 gold in ethanol; 4 silver in
glycerol; 5 silver in water; 120
and 6 silver in ethanol. Here,
laser scanning velocity is
100 pm/s 100
80
60
40
20
0

1 2 3 4 5 6 7 8 9 10
1, x10°W/cm?
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Table 1 Nanoparticle diameter range obtained in the presented experiments

No. Laser action parameters Liquid phase Target Average diameter of
(intensity I, time of action t) synthesized particles, nm
1 I=10-10° W/ C;Hs5(OH)5 Au 8-34
2 .
cm” ¢ = 30 min C,H;OH 10-52
H,O 8-38
C3H5(OH)3 Ag 21-88
C,HsOH 37-125
H,O0 29-107
Eig. 5 Si}ver I}anopart'icle d, nm
sizes obtained in deionized 70 - 5 2
water as a function of == 156-10°W/em
. . . 65 -
effective laser action time t - 1=8-10°W/cm?
for several laser intensities.
Here, laser spot size is 60 1=10-10°W/cm?
100 pm, laser scanning 55
velocity is 10-100 pm/s,
and the total scanning time 50
is 30 min
45 -
40
35 -
30 -
25 - -
20 ;
1 2 3 4 5 6 7 8 9 10

from the instabilities that commonly arise due to
strong temperature gradients resulting in nanoparti-
cle formation too (Herminghaus et al. 1998). We
note that nanoparticle aggregation is prevented in
this regime because of the liquid convection flow
that continuously removes particles from the laser-
affected zone during laser irradiation. The convec-
tion flow takes place due to the strong temperature
gradients and depends both on liquid properties and
on laser parameters (Gatskevich et al. 1995).
Aggregation becomes, however, possible after the
end of laser irradiation. Colloid density is, however,
not high enough at this time. More detailed study of
the proposed mechanisms is underway and will be
presented elsewhere.

Nanoparticle morphology and optical properties

To examine the particles shape and structure, we used
the transmission electronic microscope (TEM). The
obtained results are presented in Fig. 6. These images
demonstrate that mostly spherical and crystal particles
are generated. The crystal structure analysis provided
a characteristic period of gold nanoparticle lattice, d,
of 2.35 &£ 0.05 angstroms for (111)Au interplanar
spacing, whereas d = 2.06 + 0.05 A for (002)Au.
The lattice constant of silver particles is found to be
d =236+ 0.04 A for (111)Ag interplanar spacing.
In addition, one can see Debye rings in the diffraction
picture obtained for the direction of an X-ray beam
parallel to the (100) surface. We note that these rings

@ Springer
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Fig. 6 TEM images of a gold and b silver nanoparticles generated in water. Here, laser intensity is 2 x 10° W/cm?, and the total laser

scanning time is 30 min

are typical to polycrystal structures with very small
sizes of crystals and correspond to fcc lattice.

The performed TEM analysis indicates that the
obtained nanoparticles are mainly affected by the
processes of their self-assembly in the colloid after
laser ablation. In principle, particles can be also heated
by arather weak laser energy absorption, or by the heat
exchange with the surrounding liquid. These effects
commonly lead to particle reshaping or even frag-
mentation (Antipov et al. 2012; Makarov 2013). This
process can become particularly important if liquid is
heated up to a supercritical state (Abramov et al.
2014).

To check if laser radiation affects nanoparticle
formation, the generated colloidal solutions were
irradiated again under the conditions, which are
similar to the process of their synthesis at the
wavelength of 1064 nm, but without metal target.
The cell with colloid was moved with a speed of 10
mkm/s. The laser beam was focused, so that the focal
spot diameter was ~ 50 pum. The focal position was
fixed in the colloidal volume at the height of 1 mm
from the cell bottom. No liquid boiling was noticed
during laser action. In fact, liquid temperature
increased only by ~20 °C in the presented experi-
ments. Interestingly, a repeated irradiation of colloids
does not result in the particle size decay, neither in the
change of the particle shape (Fig. 7).

Figure 7 shows that the particles maintained their
crystal structure, but a major part of them gathered into
agglomerates. In addition, particles of a smaller size

@ Springer

Fig. 7 Gold nanoparticles generated during the second irradi-
ation of the generated colloid by the continuous laser radiation
with laser wavelength of 1064 nm at laser intensity of 10® W/
cm?>. Here, the total laser scanning time is 30 min

and irregular shape were attached to larger spherical
particles in most cases.

The measured optical parameters of the obtained
colloidal systems are shown in Fig. 8. The spectra
were measured by the spectrophotometer SF-2000.
Interestingly, similar optical properties are observed
for each metal in various liquids. Only small shifts in
the absorption maxima corresponding to the plasmon
resonance of silver (~390 nm) and gold (~ 520 nm)
are observed.

In fact, the measured absorption spectra indicate
that silver oxide was not produced in the process of
laser irradiation of the system. We also note that the
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Fig. 8 Normalized optical D, a.u.
absorption coefficient 1.0
spectra of nanoparticle ’
colloids formed by

continuous laser irradiation 08

of silver and gold targets
located in different liquid
phases. Here, the following
laser parameters ARE used: 0.6
laser power is 2 x 10° W/

cm?; mean laser irradiation

time is 1 s, and laser spot 0.4
size is 100 pm

0.2

—— Auin glycerol
Au in ethanol
—— Au in water
—— Ag in glycerol
—— Ag in ethanol
—— Ag in water

0'gOO 400

obtained colloidal systems are stable. Thus, the
observed changes in the spectrum were observed only
7-12 days after the laser irradiation, whereas a
precipitation was observed at a delay of more than a
month.

Bimetallic Au-Ag structure deposition and their
optical properties

For the deposition of the bimetallic structures, the
colloidal systems of both metals were mixed in equal
proportions. The glass substrate was placed in the
mixed solution. The deposition of thin film was made
by laser irradiation as described by Antipov et al.
(2012). Here, we used Yb-fiber laser (4 = 1.06 pum)
with pulse duration of 100 ns and with laser repetition
rate of 20 kHz. The average power was from 1.5 W up
to 4.5 W, and the diameter of the laser beam was
around 5 pm. The array of nanoparticles was formed
on the substrate surface by repeated (up to 10 times)
laser beam scanning along one and the same direction.
The scanning speed was varied from 0.6 mm/s up to
1.5 mm/s. The length of the obtained array of
nanoparticles was ~ 100 um, whereas the average
transverse dimension was ~35 pum, and the average
height was about 55 nm.

The morphological and chemical composition of
the deposited structures was studied by the scanning
electron microscope Quanta 200 3D (Fig. 9) and
using the atomic force microscope Ntegra-Aura
(Fig. 10).

500 600 700

Fig. 9 Images obtained after deposition of bimetallic array of
nanoparticles/clusters (size of initial particles about 50 nm) on
the surface of pyrolytic graphite. Both Quanta 200 3D results
and X-ray elemental analysis (EDAX) are shown. Red markers
correspond to gold, whereas yellow ones correspond to silver.
(Color figure online)

Figure 10 clearly demonstrates the formation of a
quasi-ordered array of nanoparticles/clusters. By
changing the initial size of particles in the colloid,

@ Springer
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X, nm

Fig. 10 AFM images of deposited thin films Au-Ag from
colloidal system on the surface of a glass substrate KB8. Here,
concentration was about 1 pg/ml. The initial particle sizes were
50 nm (a) and 10 nm (b). The average height of the relief on left
image is 50 nm, whereas it is 48 nm on the right. The average

T, %

88
86 2
84
82 1
80

78

400 450 500 550 600 650 700
A, nm

Fig. 11 Measured transmission spectra of deposited Au:Ag
layers: 1 Au:Ag (1:1), the particle diameter is about 50 nm, one
layer, the distance between particles is about 5 nm; 2 Au:Ag
(1:1), the particle diameter is about 10 nm, five layers, the
distance between particles is about 4 nm; 3 Au:Ag (1:1), the
particle diameter is about 10 nm, five layers, the distance
between particles is about 2 nm

the morphology of the deposited layer was modified.
Changing laser irradiation parameters, such as the
average power and the scanning speed, one can
efficiently to control over the deposition process. This
method allows us to correlate the optical properties of

@ Springer
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distance between particles is 5 nm in (a) and 2 nm in (b). The
sizes and distances between particles were studied by Grain
Analysis library, which is included in the Image Analysis tool
(NT-MDT)

thin bimetallic films with other properties, such as the
initial particle sizes, the number of layers, and the
distance between the particles.

Finally, optical properties of the deposited thin films
were studied in the visible part of spectrum using
spectrophotometer SF-2000 (Fig. 11). It was found
that the all the produced film spectra are rather
complex, but lie in the visible range. The broad
absorption band between 360 and 420 nm may be
ascribed to the localized surface plasmon in silver
nanoparticles. However, changes in particle parame-
ters and, particularly, their distribution on the substrate
could result in the considerable spectral changes. For
example, the transmission of the layer increases in the
case of 50 nm particles in the spectral range of the
localized surface plasmon of gold nanoparticles (from
520 to 560 nm). This value, however, drops down in
the case of 10 nm particles. Interestingly, the trans-
mission of the 5-layer system of 10 nm particles is
higher than that of one-layer system of 50 nm particles.

Conclusion

In this paper, we have presented the experimental
results obtained in laser ablation of massive targets
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made of gold and silver in the presence of a liquid. A
possibility of an efficient control over nanoparticle
generation is demonstrated. In fact, both the required
size and size distribution have been found to depend
on the laser parameters and the choice of the liquid
component. In contrast to the cases of intense pulsed-
periodic laser interactions with short- and ultra-short
pulse duration, in the considered case of a gentle CW
laser irradiation, it is possible to avoid many uncon-
trollable processes occurring during nanoparticle
formation, such as shock wave propagation, optical
breakdown, particle aggregation, and chemical
decomposition.

In addition, laser-induced thermal deposition of
nanoparticles from the colloids has been shown to
result in the formation of bimetallic clusters on a
transparent substrate. The obtained results have
demonstrated the influence of morphology (particle
diameter in the colloid, the distance between the
deposited particles, the number of layers, etc.) on the
optical properties of the deposited thin film of
bimetallic clusters. The optical properties of the
deposited bimetallic films are shown to change as a
function of their material and structural parameters in
a highly predictable way.

The reported well-controlled formation of colloidal
nanoparticles and their deposition are of a great
interest for further development of thin films and
cluster-based elements of photonics, such as periodic
structures/photon crystals, gradient materials, as well
as films with the required optical properties.
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