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Laser synthesis of ligand-free bimetallic nanoparticles
for plasmonic applications†

R. Intartaglia,*a G. Das,b K. Bagga,a A. Gopalakrishnan,b A. Genovese,c M. Povia,c

E. Di Fabrizio,b R. Cingolani,a A. Diasproa and F. Brandia

A picosecond laser ablation approach has been developed for the synthesis of ligand-free AuAg

bimetallic NPs where the relative amount of Ag is controlled in situ through a laser shielding effect.

Various measurements, such as optical spectroscopy, transmission electron microscopy combined with

energy dispersive X-ray spectroscopy and inductively coupled plasma optical emission spectrometry,

revealed the generation of homogenous 15 nm average size bimetallic NPs with different compositions

and tunable localized surface plasmon resonance. Furthermore, ligand-free metallic nanoparticles with

respect to chemically synthesized nanoparticles display outstanding properties, i.e. featureless Raman

background spectrum, which is a basic requirement in many plasmonic applications such as Surface

Enhanced Raman Spectroscopy. Various molecules were chemisorbed on the nanoparticle and SERS

investigations were carried out, by varying the laser wavelength. The SERS enhancement factor for

AuAg bimetallic NPs shows an enhancement factor of about 5.7 � 105 with respect to the flat AuAg

surface.

1. Introduction

Metallic nanoparticles (NPs) are driving the development of
diverse applications ranging from biochemical sensors,1,2

immunoassays,3,4 surface-enhanced spectroscopies5 and
photovoltaic energy devices.6 Further opportunities can be
provided by greater structural and compositional complexity
arising from the combination of various metals within a single
nanostructure. Relative to monometallic NPs, AuAg bimetallic
NPs have stimulated further interest because the catalytic
properties can be enhanced7,8 and localized surface plasmon
absorption can be varied continuously between the limits of
monometallic Au and Ag NPs.9 The tunability of collective
resonance over a wide range is required in many applications
in which the optical field enhancement associated with surface
plasmon is exploited. Indeed, the surface enhanced Raman
scattering (SERS) technique relies on surface plasmonic reso-
nances (SPRs), which is a collective oscillation of surface

electrons, generated when laser interacts with the metallic
surface. When the molecules reside in the proximity of the
metal surface, the enhanced electric field due to the SPRs
causes an enhanced Raman signal, enabling single molecule
detection (SMD).10 The high sensitivity and potentiality
for label-free analysis associated with SERS is attractive for
applications in physics, chemistry, material science, and
biomedical engineering.11,12 There has been continuous effort
for the fabrication of SERS materials after the reports published
by Nie et al. and Kneipp et al.13–17 in order to achieve a reliable,
reproducible, sensitive, easy in production/sampling and cost
effective SERS device.

In this regard, many approaches based on chemical and
physical routes have been employed for the synthesis of AuAg
bimetallic NPs. The most common one is the co-reduction of
the metal precursors in the presence of a stabilizing agent.18,19

However, this method of preparation gives rise to toxic NPs due
to the presence of an excess of stabilizing ligand (citrate
molecules) surrounding the NPs surface.20–22 This fact may
also limit the adsorption of molecules on the NPs surface for
sensing or labeling. Thus, other synthesis methods are required
to avoid the presence of particle-associated residual chemicals
for potential success of these NPs in the clinical setting. A laser-
based approach has been established as an efficient and
reliable method for preparing high-purity NP colloids, metallic23

semiconductors24–26 as well as functional bioconjugated
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NPs,27,28 without the use of a chemical reducing agent, which
may prevent harmful effects. Up to now, laser-based synthesis of
AuAg bimetallic NPs concerned the laser ablation of a single
target of gold and silver in liquid, followed by a re-irradiation of
the mixed NPs colloidal suspensions.29–31 Other groups report
the generation of AuAg bimetallic NPs by laser irradiation of
metallic salts.32 AuAg bimetallic NPs compositions are controlled
by adjusting both initial concentration of Ag and Au colloids
and/or the irradiation time. In spite of these successes, the
laser-based approach has not fully been explored for the
synthesis of ligand-free AuAg bimetallic NPs.

Herein, we discuss the synthesis of AuAg bimetallic NPs by
picosecond laser ablation of a Ag target in ligand-free Au NPs
colloidal solution and demonstrate that the bimetallic NPs
composition is controlled in situ through a laser shielding
effect, which is potentially a new laser-based approach for
synthesizing bimetallic NPs. Various measurements such as
transmission electron microscopy (TEM), optical absorption
spectroscopy, Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES), etc. confirm the generation of bimetallic
NPs of different compositions displaying plasmon peak posi-
tions varying from 400 to 530 nm. Chemical analysis of the
bimetallic NPs solutions reveals a decrease of Ag yield during
laser processing as the Au NPs concentration in solution
increases allowing the generation of bimetallic NPs of different
compositions. We suggest the Ag yield value is associated to the
initial Au NPs concentration in solution through the shielding
of the incoming laser beam. On the other hand, background
Raman measurements on these picosecond laser ablated NPs
(psLA-NPs) show no features, confirming the production of NPs
free of contaminants. Furthermore, we also investigated the
potential use of psLA-NPs for biosensing applications. In this
regard, a low concentrated laser ablated metal NPs solution
(1.25� 10�10 M) was used which was later on chemisorbed with
the molecules (cresyl violet (CV) (1 nM) and Rd6G (1 mM)) for
investigation concerning the SERS application.

2. Experimental section
2.1 Laser synthesis method

Firstly, ligand-free Au NPs (8 nm) have been prepared by
picosecond laser ablation of Au bulk in deionized water (Fig. S1,
ESI†). Then the final colloidal solution was diluted to obtain
several samples with different concentrations. Subsequently, pure
Ag target was ablated in the Au NPs colloidal solution. For each
sample, the target was irradiated for equal ablation time, 10 min at
a fluence of 1.8 J cm2 chosen for the alloying process (Fig. S2,
ESI†).22 The color of resulting NPs were found to be dependent on
the Au concentration in solution. The laser system used in this
study is a commercial high energy picosecond Nd:YAG laser
(continuum leopard) providing a pulse of 60 ps with a maximum
pulse energy of 115 mJ at the fundamental laser wavelength
(1064 nm), a maximum of 55 mJ at the second harmonic laser
wavelength (532 nm) or a maximum of 35 mJ at the third
harmonic laser wavelength (355 nm). Experiments have been
carried out at a repetition rate of 20 Hz. The laser pulse energy

was controlled with a variable attenuator. The laser beam with a
diameter of 10 mm is focused 10 mm below the target surface
using a lens with a focal length of 30 cm. The Ag target (99.999%
from Alpha Aesar), in the form of a cylinder with a diameter of
6 mm and a thickness of 10 mm, was placed on the bottom of a
quartz cuvette (dimension 10 � 10 � 30 mm3) and immersed in
1 mL of Au NPs colloidal solution. The height of the liquid above
the target surface was 10 mm. Before each experiment the target
was mechanically polished and then washed with the same liquid
used for the ablation several times to remove the impurity from
the surface. During laser ablation, the target was moved with a
rotation system (T-cube DC Servo controller, Thor labs) to achieve
uniform irradiation of the Ag surface.

2.2 Chemical analysis

ICP-OES (ICAP 6300 duo thermo scientific) was used to
determine the amount of Ag and Au atoms, in the resulting
colloidal solution. For this measurement, 100 mL solution of
NPs colloidal solution was introduced in aqua regia, and after
overnight acid digestion the final volume was adjusted with
Milli-Q water to 25 mL. The dilution factor is kept into
consideration while determining the final concentration.

2.3 Optical spectroscopy

Optical absorption spectra were recorded in a quartz cuvette
(10 mm, Helma), using a Cary 6000 UV-VIS double beam
spectrophotometer. The scan range was 200–800 nm with a
600 nm min�1 rate.

2.4 Transmission electron microscopy

The samples were prepared by dropping dilute solutions of NPs
onto carbon coated copper grids, placed in a pumping station
and the solvent was allowed to evaporate. The size distribution
of nanoparticles was investigated by both conventional TEM
and high angular annular dark field (HAADF) imaging in the
scanning TEM (STEM) mode. TEM measurements were
performed with a JEOL Jem1011 microscope working at an
acceleration voltage of 100 kV. HAADF-STEM measurements
were performed with a JEOL JEM-2200FS microscope, equipped
with a field emission gun working at an accelerating voltage of
200 kV. The chemical composition of several NPs was deter-
mined by Energy Dispersive X-ray Spectroscopy (EDS) analysis
performed in the STEM mode, with a JED-2300 Si(Li) detector
and using an electron probe of 0.7 Å. The chemical quantifica-
tion was calculated considering Ag La and Au Ma X-ray lines for
silver and gold, respectively, and using the Cliff–Lorimer
method, which is considered as a good approximation for thin
specimens.

2.5 Raman spectroscopy

All the metal NPs, produced by pulsed laser ablation in liquid
(PLAL) were diluted 40� of the initial concentration in order to
have very few molecules available for investigation. psLA-NPs
(1.25 � 10�10 M, VNPs: 2 mL) are deposited on the CaF2 substrate
and then CV molecules (1 nM, VCV/Rd6G: 5 mL) were dropped
over the dried area of psLA-NPs. After 20 min reaction time for
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chemisorption, the sample was rinsed with water in order to
remove all the CV molecules, which are not attached to metal-
NPs. First of all, background measurements were performed for
all kind of NPs, produced by PLAL (psLA-NPs) and produced by
chemical technique (chem-NPs), without any molecules using
633 nm laser line. Chem-NPs have been prepared using
conventional chemical synthesis for obtaining 15 nm citrate
coated Au NPs.33 After the molecule adsorption, the system is
ready for SERS investigations.

Microprobed Raman spectra were obtained using a
Renishaw inVia Raman microscope at room temperature
through a 150� objective of a Leica microscope. Raman spectra
were excited by 532 (0.30 mW, 5 s), 633 (0.175 mW, 5 s) and 830
(15 mW, 10 s) nm from a solid state, He–Ne and diode laser,
respectively, in backscattering geometry. The experimental
parameters are fixed unless otherwise mentioned specifically.
Two different gratings, 1200 and 1800 lines per mm, were used
for the 830 nm laser, and 532 and 633 nm laser, respectively. At
most the 3rd order polynomial baseline correction was
performed without any further data processing. In this manu-
script, a static experimental range (for 532 nm laser, 280–2014 cm�1;
for 633 nm laser, 385–1551 cm�1 whereas for 830 nm laser,
359–1380 cm�1) is used for each laser excitation wavelength.

2.6 XRD structural analysis

XRD spectra were recorded on a Smartlab 9 kW Rigaku diffracto-
meter, equipped with a copper rotating anode. The X-ray source
was operated at 40 kV and 150 mA. A Gobel mirror was used to
obtain a parallel beam and to suppress Cu Kb radiation (1.392 Å).
The measurements were performed using a 2y scan.

3. Results and discussion
3.1 Morphologies

Au NPs colloidal solution was prepared by laser ablation on a
Au target in deionized water. The ligand-free Au NPs are nearly
spherical in shape with diameters of 8 � 5 nm (Fig. S1, ESI†).
Fig. 1 shows typical TEM images with the corresponding size
histogram of colloidal solution obtained by PLAL of the Ag
target placed in a glass filled with a 80 ppm Au colloidal
solution for different wavelength irradiation. For all laser
excitation, we can observe that generated NPs have a pseudo-
spherical morphology and smooth surface. The mean diameter
is found to be below 20 nm, i.e. 5, 15 and 8.5 nm using 355 nm,
532 nm and 1064 nm laser wavelength excitation, respectively.
STEM-EDS analyses of several AuAg NPs, obtained by using all
excitation laser wavelengths, were acquired systematically to
assess their chemical composition. Fig. 2a shows the HAADF
STEM image and STEM-EDS line profile of AuAg NPs synthe-
sized by 355 nm laser ablation in 80 ppm Au solution. STEM-
EDS elemental analysis confirmed the formation of AuAg
homogeneous alloys NPs, where the content of the Ag
end-member was varying from 15% to 25% (at.) in agreement
with initial Au concentration in the solution. The elemental
distribution of Ag and Au across NPs was not consistent with
core–shell structure and no Ag or Au single phases NPs were

observed. It might also be noted that the Ag content of
as-obtained alloy NPs is controlled by the variation of the Au
NPs concentration in the mother solution, as we will described
in detail in the next section. On the other hand, STEM-EDS
analysis on NPs, produced with 1064 nm laser excitation,
revealed chemical compositions consistent with metallic
Ag and Au NPs, and not with alloys of these two end-members
(not reported data). XRD investigations of bimetallic NPs
exhibited their crystalline nature displaying diffraction peaks
compatible with both pure Au and Ag single phases, owing to
the structural similarities between Au and Ag phases in terms
of lattice parameters (aAg = 4.086 Å; aAu = 4.078 Å) and space
groups (cubic Fm%3m) (Fig. 2b).

Fig. 1 TEM images of metallic NPs solution obtained by PLAL of Ag target placed
in a ligand-free Au NPs solution for different irradiation wavelength: (a) 355 nm,
(b) 532 nm and (c) 1064 nm.
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3.2 Optical properties

Fig. 3 shows the normalized absorption spectra of the resulting
colloidal solution, prepared by PLAL in Au NPs solutions of
different concentrations. Two distinct behaviors could be
noticed with the irradiation wavelength. The plasmon peak
position is found to shift covering the visible range located
between 400 nm (Ag plasmon) and 520 nm (Au plasmon) with
the increase of the Au concentration in solution, when the
second and third harmonic laser lines were used. Such a
behavior is in agreement with previous bimetallic NPs for-
mation by laser irradiation of metallic colloidal solution29,30

and the chemical reduction method.18 In the Fig. 4a, the
plasmon peak position shift rate, estimated by a linear fitting,
reveals that the plasmonic resonance tuning effect is more
efficient using third harmonic irradiation of the ps laser system
with respect to the first and second harmonic. The plasmon
peak position shift rate value is 0.72 � 0.15 nm per percent and
1.21 � 0.06 nm per percent for the second and third harmonic
excitation wavelength, respectively. On the other hand, the
resulting colloidal solution obtained by ablation using the
fundamental harmonic wavelength exhibits two distinct

absorbance peaks at 400 nm and 526 nm, corresponding to
Ag and Au surface plasmon bands respectively. As the gold
concentration in solution increases, both plasmon resonance
peak positions remain unchanged which indicates that the
obtained colloidal solution is a mixture of Au and Ag NPs in
agreement with previous chemical analysis. Therefore, in con-
trast to ablation with the second and third harmonic beams,
using the fundamental beam the alloying process does not
occur in our experimental conditions.

3.3 Alloying process

In a previous report the synthesis of bimetallic NPs and the
tuning of plasmonic response i.e. tuning of the alloy composi-
tion were controlled by adjusting both initial concentration of
Ag and Au colloids mixture, and/or the irradiation time.29–31 In
our laser-based approach consisting of the ablation of a Ag
target in Au colloidal solution, only one mono metallic reactant
amount is defined, Au NP, while Ag elemental concentration is
unknown, prior to ablation. Therefore we measured the
amount of the Ag atom in the as prepared colloidal solutions
by the ICP-OES technique. Fig. 4b shows the Ag yield produced
as a function of Au NPs concentration in solution for different
wavelength irradiation. Chemical analysis reveals that the Ag
atom yield decreases with an increase of Au concentration in
solution using the second and third harmonic while the

Fig. 2 (a) HAADF STEM image of AuAg bimetallic NPs and the EDS line profile
(orange line) showing the elemental distribution of Au (Ma-edge) and Ag
(La-edge). (b) XRD pattern of AuAg bimetallic NPs exhibiting the (111), (200),
(220) and (311) main peaks of cubic Au and Ag phases. Blue dashed line
corresponds to XRD pattern of Au NPs.

Fig. 3 Normalized absorption spectra of metallic NPs solution prepared in Au NPs
solution of different concentrations at different wavelength irradiation
(a) 355 nm, (b) 532 nm and (c) 1064 nm.
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amount of Ag atom is constant for infrared wavelength irradia-
tion. For instance, the use of 355 nm irradiation wavelength
induced the generation of 20 ppm Ag atom in a solution of 80
ppm Au atom, leading to the generation of bimetallic NPs with
molar ratio 1/4 Ag/Au with a plasmon resonance peak at 508 nm
(Fig. 3a).

In contrast to other works, we demonstrate here that the Ag
atoms yield, i.e. bimetallic NPs composition, depends on the
initial Au concentration in solution and laser wavelength
irradiation used for ablation. The generated Ag atom yield,
i.e. the bimetallic NPs composition, is explained by an in situ
laser shielding effect which is an interaction of the laser light
with colloidal solution.34,35 The ablation using the second,
532 nm, and third, 355 nm, harmonic is affected by the losses
of excitation light reaching the target surface due to interaction
between the surface plasmonic resonance of the Au colloidal
solution and laser irradiation, resulting in a decrease of Ag
yield with an increase of Au concentration. In the mean time,
physicochemical phenomena like laser-induced reduction,
melting and fragmentation, followed by a spontaneous atom
inter-diffusion process, occur leading to nanoalloy formation.29–32

While, using the fundamental laser wavelength at 1064 nm,
there is no interaction between the laser beam and the Au NPs
colloidal solution. Therefore, loss of excitation light is weak,34

and the laser power on the target is constant, resulting in a
constant Ag yield in agreement with optical analysis (Fig. 3c
and 4a). The absence of interaction between the fundamental
laser beam and the AU NPs results in less efficient fragmenta-
tion and melting, and therefore the alloying process
cannot occur.

3.4 SERS applications

Various SERS research works were reported on different metal
NPs, produced by chemical techniques. The impurity present
during the chemical reaction to form NPs may hinder the
adsorption of molecules on the surface or for labeling the
NPs because of the residual ligands on the surface of metal
NPs. The background Raman measurements over all the metal
NPs, produced by psLA-NPs and produced by chem-NPs (diluted
40� of the initial concentration), were investigated using a
633 nm laser line. SERS background measurements for metallic
NPs produced by two different routes are shown in Fig. 5 in the
range of 500–3200 cm�1. Raman spectrum of psLA-NPs shows a
featureless spectrum without any Raman band throughout the
experimental range. Nevertheless, Raman spectrum of chem-NPs
displays; (a) a high fluorescence background, and (b) various
Raman bands, in particular, a broad band in the range of
2800–3100 cm�1, associated to the different C–Hx stretching
vibrational band.36,37 These vibrational bands occur due to
the presence of contaminants. It should be noticed that though
the laser power is kept constant (0.27 mW) for both kind of
NPs, the accumulation time for chem-NPs is 10 s, whereas, for
psLA-NPs, it is 30 s. From Fig. 5, it is clear that though the
accumulation time is longer for psLA-NPs, the spectrum back-
ground is much lower and featureless, demonstrating perfect
SERS NPs. The major advantages of psLA-NPs over chem-NPs are
that these NPs are ligand-free, stable and reproducible. Being
ligand-free NPs, psLA-NPs provide maximum possibility for the
adsorption of molecules/labeling the NPs.

Fig. 4 (a) Variation of the plasmon peak position of the metallic NPs solution as a
function of Au NPs concentration in solution obtained at different wavelength
irradiation. (b) Normalized silver atom yield generated as a function of Au
concentration in solution for different wavelength irradiation.

Fig. 5 Raman spectra of metallic NPs, produced by PLAL (psLA-NPs, ligand-free
surface), and produced by chemical method (chem-NPs, citrate capped surface).
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CV is an organic dye, intensively employed in biology and
medicine, as a histological stain. It is an effective stain used for
highlighting acidic components of tissues and is frequently
used for nerve tissue areas. SERS spectra in the range of
400–1750 cm�1 of CV, deposited over AuAg NPs and over Au
NPs, are shown in Fig. 6 for different laser excitation wave-
length. Various characteristic Raman bands of CV molecules
are clearly observed38 for all the laser excitation wavelength
lines. A strong and intense characteristic peak, centred at 591
cm�1, is clearly observed. Many interesting aspects are revealed
from these measurements (Fig. 6) such as the variation in
different band intensity, the ratio of vibrational bands, etc. In
Fig. 6a, SERS spectra of CV, excited by varying laser wave-
lengths, deposited over AuAg psLA-NPs are shown. In the inset,
the control measurement of CV, deposited on a flat AuAg
surface, is also reported. One intense band at 591 cm�1 and
low intense characteristic bands, centered at around 675, 1186
and 1640 cm�1, were observed which could be associated to the
combination of in-plane N–H2 and ring bending, ring deforma-
tion, combination of N–H2 rocking and C–Hx rocking, and
combination of ring stretching, C–O–C bending and C–N–C
symmetric stretching, respectively.38,39 In the same inset
(Fig. 6a), one strong band, centered at around 520 cm�1, is

also observed which is the contribution from the Si substrate
beneath the flat AuAg metal surface. It can be observed that the
Raman bands of CV, in the range of 1100–1700 cm�1, enhance
when it was excited by 532 nm with respect to the other laser
lines i.e. 633 and 830 nm. The measurements were also
performed for the Au psLA-NPs by varying the laser excitation
wavelengths (Fig. 6b). The reference SERS spectra of CV,
deposited over the flat Au surface, are also shown in the inset
of Fig. 6b. Spectra show the similar trend for CV molecules.
Since, the optical absorption band of CV and the plasmonic
resonance peak for Au-NPs are at around 585 and 520 nm,
respectively,40 the excitation wavelength (532 nm) is on the
resonance of the plasmonic band of Au-NPs and also fulfilling
the resonance Raman condition (sRaman a (llaser)

�4). However,
the SERS intensity is found to be in its best condition for
633 nm as far as the vibrational Raman band at 591 cm�1 is
concerned. This could be due to the molecular resonance
excitation. Hence, in this case, the chemical effect of SERS
phenomena plays a remarkable role. In the past, few research
works were carried out for the nanoalloy NPs with varying AuAg
content, produced by the chemical technique, but nothing has
been found,41,42 to our knowledge, regarding any SERS study on
nanoalloy NPs, produced by laser ablation. Furthermore, the
intensity of two characteristic bands centered at 591 and
1189 cm�1 and the band ratio are reported in Table 1. The
ratio of two bands decreases when the molecules are being
excited with 532 nm. This could be explained by the fact that
the average enhancement factor in the SERS phenomena has two
foremost contributions from the plasmon resonance: (a) the laser
wavelength and (b) the absolute Stokes wavelength.43 Indeed, for
laser excitation wavelength at 532 nm, the Stokes frequency for
Raman shift in the range of 1000–1700 cm�1 is associated with an
absolute value around 560–585 nm. Since, the molecular absorption
is maximum in this range, the molecules, in fact, sense in the
resonant conditions and, consequently, the phenomenon is no
more normal SERS but résonance SERS.43–45

From SERS spectra of CV, deposited over different psLA-NPs,
shown in Fig. 6(a) and (b), the enhancement factor G,

G ¼ ðISERS=NSERSÞ
ðIRaman=NRamanÞ

can be calculated, where I and N are related to the intensity and
number of molecules, respectively. The subscripts, SERS and

Fig. 6 SERS spectra of CV (1 nM) on LA-NPs, deposited over (a) AuAg NPs and (b)
Au NPs. The measurements were also performed by varying the laser
wavelengths (532, 633 and 830 nm). In the inset, the control measurements, CV
deposited over the flat metal surface, is also shown. For the flat AuAg surface,
Plaser = 350 mW; t = 30 s, whereas for the flat Au surface, Plaser = 35 mW; t = 50 s.

Table 1 The SERS band intensity for 591 and 1190 cm�1 and their ratio are
reported for AuAg and Au psLA-NPs

Intensity

l (nm) I591 I1189 I591/I1189

AuAg psLA-NPs
830 5294 910 5.81
633 11 490 1730 6.64
532 3245 1400 2.31
Au psLA-NPs
830 45 155 8473 5.32
633 143 074 25 629 5.58
532 5723 3572 1.60
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Raman, are associated to the SERS and Raman measurements,
respectively. As explained above the SERS enhancement factor
varies from band to band. But, considering that both the NPs
show the max enhancement for 633 nm, the calculation was
done for the band centred at 591 cm�1. SERS enhancement
factors are found to be 7.0 � 105 and 5.7 � 105 for Au NPs and
for AuAg NPs with respect to the flat gold and bimetallic
surfaces, respectively. The enhancement factor calculation
was done with the estimation of a mean diameter of 10 nm.
The other values of the experimental parameters can be found
in the experimental part and also from Fig. 6. Though the
excitation wavelength was not the best one for AuAg NPs, the
enhancement factor is found to be very close to Au NPs.

Moreover, SERS experiments were also carried out for bime-
tallic NPs samples on which Rd6G molecules were chemi-
sorbed. Rd6G molecules, widely used in biotechnology, show
the absorption band centered at around 527 nm, which will be
relatively out of molecular resonance for Au/AuAg NPs with
respect to the CV molecule. The molecular deposition proce-
dure was followed as that of CV, described in the experimental
section. The SERS spectrum of the Rd6G molecule, in the
experimental range of 750–1750 cm�1, is shown in Fig. 7.
Various characteristic bands for Rd6G, centred at 775, 1181,
1310, 1360, 1508 and 1650 cm�1, can be clearly observed which
can be attributed to the out of plane C–H bending, combination
of xanthene ring deformation, C–H bending and N–H bending,
combination of in-plane xanthene ring bending, C–H2 wagging
and N–H bending, xanthene ring stretching, stretching vibra-
tion of the phenyl ring, and asymmetric stretching of the
xanthene ring.46–48 In the inset, the reference Rd6G spectrum
is also shown. As can be observed from the experimental
parameters reported in Fig. 7 for both control and sample
measurements, the NPs show a remarkable SERS enhance-
ment. Indeed, when the laser power is 10 times lower and the
accumulation time almost half, the SERS intensity of the Rd6G
molecule for AuAg NPs reaches about 3500 whereas in the case
of the reference measurement it is almost not evident.

4. Conclusion

We reported synthesis of ligand-free AuAg bimetallic NPs, by
picosecond pulsed laser ablation of Ag target in Au NPs
suspensions. The relative amount of Ag is controlled in situ
through a laser shielding effect. In opposite to other works, we
demonstrated here that the bimetallic NPs composition
depends on the initial Au concentration in solution and laser
wavelength irradiation used for ablation. Under our experi-
mental conditions, ligand-free AuAg bimetallic NPs are success-
fully synthesized with tunable localized surface plasmon
resonance frequency through with 355 nm and 532 nm pico-
second laser irradiation in contrast to the 1064 nm picoseconds
laser irradiation. The laser shielding based PLAL approach thus
allows the generation of bimetallic NPs of various compositions
which could be extended for the production of other bimetallic
NPs materials. The unique surface chemistry of bimetallic NPs
synthesized by the PLAL method with respect to the chemically
synthesized one has been investigated. Ligand-free bimetallic
NPs display a featureless Raman background spectrum.
The enhancement factor for AuAg NPs is estimated to be about
5.7 � 105 with respect to the flat AuAg surface. Since, the
nanoalloy composition is very much critical to have the
maximum SERS enhancement, a systematic SERS research with
varying AuAg compositions is required.
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