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A B S T R A C T   

In order to expand the spectral capabilities of the SERS method, Ag–Cu alloy nanoparticle arrays were studied. 
Arrays of Ag–Cu nanoparticles were formed by vacuum thermal evaporation and condensation on an unheated 
substrate followed by heat treatment at 230 �C. A higher Raman scattering enhancement in the red region of the 
spectrum when using an array of nanoparticles of the Ag–Cu eutectic system was found. This enhancement is 
comparable to the one of pure silver particle array in the blue region of the spectrum. Transmission electron 
microscopy study has shown that the feature of the Ag–Cu array is that many particles are composite: one part 
consists of copper, and the other part is made up of silver. These parts have a perfect (possibly heteroepitaxial) 
boundary. It is believed that the localized surface plasmon resonance excited in the copper part by red light can 
be transmitted without any loss into the silver part, while the one excited in the silver part by blue light, quickly 
fades out in the copper part, because blue light has a higher frequency than the copper plasma frequency. From 
the point of view of SERS applications, the use of Ag–Cu particle arrays allows extending the advantage of silver 
to the red region of the spectrum.   

1. Introduction 

Plasmonics of metal nanoparticles, which is based on the phenom-
enon of localized surface plasmon resonance (LSPR), is a rapidly 
growing and expanding field of research due to wide prospects for its use 
[1–7]. LSPR occurs when the frequency of the incident radiation is equal 
to the natural frequency of collective oscillations of conduction electrons 
in an array of metallic nanoparticles. As a result, the absorption of 
photons of this energy is observed. In this case, the occurrence of reso-
nant oscillations of free electrons actually generates hot charge carriers 
(electron-hole pairs) with energy of 1–3 eV [8]. These hot charge car-
riers have a short lifetime of about several femtoseconds and are not in 
thermal equilibrium. If the incident radiation is removed, carrier 
recombination ends in a few picoseconds, and complete relaxation oc-
curs in tens of nanoseconds [8]. That means that in normal situation this 
process is very rapid, and it is difficult to apply it anywhere. However, if 
semiconductor molecules are placed on the top of the metal 

nanoparticles array, this, in fact, can lead to the formation of a Schottky 
barrier capable of separating hot electrons and holes generated by the 
incident radiation. In this case, the carrier lifetime increases signifi-
cantly. And then these charge carriers are involved in the occurrence of a 
number of phenomena, such as giant Raman scattering (Surface 
Enhanced Raman Scattering – SERS) [9], luminescence enhancement 
[10–12], or photocatalysis of various chemical processes [13–15]. 

The Raman spectrum arises as a result of interaction of an incident 
high-frequency wave with the relatively low-frequency oscillations of 
the dipole moment of the atoms in the molecule or in the crystal lattice 
and, in fact, is a “modulation” phenomenon [16]. A hot carrier of the 
metal nanoparticle may be captured by the molecule. This leads to the 
emergence of a molecular ion from the surface molecule [9] and, 
thereby, to an increase in the dipole moment. As a consequence, the 
amplitude of the modulating signal, which is the Raman signal, is 
amplified, i.e. SERS occurs. However, this option is only available for 
semiconductor materials, which are characterized by a donor-acceptor 
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bond type and a bandgap no greater than the energy of the generated hot 
charge carriers. In the materials with ionic bonds which are character-
ized by a very large band gap and a complete absence of free charge 
carriers this process is hardly possible. Such materials are originally 
characterized by the presence of a strong dipole moment. Obviously, in 
this case, oscillations of the dipole moments of the molecules are 
transferred to the free electrons of the metal particle, creating a 
low-frequency wave in it. The interaction of the plasmon generated in 
the metal particle by an incident high-frequency light wave, with the 
low-frequency wave transmitted to the metal particle from the molecule 
under study then leads to the modulation of a light wave. The 
enhancement arises due to an increase in the efficiency of interaction of 
two waves by increasing the interaction area, that is, due to an increase 
in modulation efficiency. 

Traditional materials for plasmonic arrays of metal particles are Ag, 
Au and Cu. But Ag particles have the strongest enhancement. This result 
is achieved when the light in the range from blue to UV is used. How-
ever, in the substance under investigation luminescence can often occur. 
As noted above, an array of metal nanoparticles enhances this effect as 
well. Then the desired Raman signal can be lost against the background 
of luminescence. To get rid of this effect, it is necessary to choose a 
different reference light wavelength and another array of metal nano-
particles with the corresponding position of LSPR. It is possible to choose 
Au or Cu particles. It is also possible to use Ag–Au alloy particles, since 
their composition allows controlling the position of the LSPR smoothly 
[17,18]. The problem is that when using Au, Cu and Ag–Au particles the 
amplification is noticeably weaker. Thus, it is desirable to have a method 
of changing the reference wavelength without losing the enhancement 
of the Raman signal. In this regard, arrays of composite particles may be 
of interest. It was shown that significant amplification of the Raman 
signal is provided by using alloy dendrites [19–23], alloy and bimetallic 
core-shell nanoparticles [21,22,24–26]. Such structures can be synthe-
sized using various approaches: electrodeposition, phased reduction, 
laser ablation, and self-assembly methods [21,22,25–29]. Among the 
composite materials, the Ag–Cu system is of particular interest.It is ex-
pected that SERS structures based on this composite will be more stable 
[25,27], cheaper due to the use of copper and more universal in terms of 
the wavelength range and gain [21,22,25,26,30]. 

Ag–Cu system has an eutectic phase equilibrium diagram [31]. A 
feature of eutectic systems is that eutectic composition in the solid state 
consists of two highly dispersed solid solutions based on the system 
components, and these solutions contact with each other. So far, no 
detailed studies of the relationship between the structure of Ag–Cu 
particles and the effect of amplification of the Raman signal depending 
on the wavelength have been carried out. 

This paper is devoted to the study of the possibility of using of an 
array of particles based on the Ag–Cu system, whose components have 
eutectic phase equilibrium diagram, as the SERS-active layer at three 
different laser wavelengths. In other studies, arrays of Ag–Cu nano-
particles were obtained by method of chemical formation from solutions 
[32] or by laser ablation method [25,33]. However, the process of 
transferring these particles to the surface of the substrate to form an 
array is poorly reproducible. Often particles randomly accumulate in an 
uncontrolled manner in agglomerates [25,34,35]. In this regard, we 
have chosen the method of thermal evaporation in vacuum for our 
research [36–38]. Although the particles in such arrays have different 
sizes, nevertheless, their size distribution is normal; statistics on the 
average particle size and the distance between them are well controlled 
and reproduced. In this regard, we have chosen the method of thermal 
evaporation in vacuum for our research [36–38]. Although the particles 
in such arrays have different sizes, nevertheless, their size distribution is 
normal; statistics on the average particle size and the distance between 
them are well controlled and reproduced. 

2. Experiment 

The formation of Ag–Cu nanoparticles arrays was carried out by 
vacuum thermal evaporation of the weight portions of the correspond-
ing metal onto a cold substrate with subsequent annealing of the ob-
tained condensate in vacuum. In previous works we reported in detail on 
the applicability of this technique for the formation of metal particles 
arrays on the planar structures, as well as on the possibility of control-
ling the average particle size and their number per surface unit [36–38]. 
In this study, there has been evaporated a weight portion of 2.8 mg to 
obtain silver nanoparticles, and a weight portion of 6.0 mg to obtain an 
ensemble of copper particles. Vacuum annealing of the copper 
condensate was carried out during 1 h at temperature of 500 �C. For 
silver the annealing temperature was 230 �C, and the duration was 30 
min. The difference in the annealing parameters is due to the fact that 
upon evaporation of such a quantity of silver, the resulting condensate is 
an unstable islet film, which is transformed into an array of nano-
particles after slight heat treatment. At the same time, the evaporation of 
the specified copper weight portion leads to the formation of a contin-
uous film, and its dispersion requires a greater thermal effect [39]. It is 
worth noting that, despite some differences in the formation approaches, 
both methods provide good reproducibility of geometric parameters of 
the resulting arrays of particles. For the formation of Ag–Cu nano-
particles ensembles, the technique of co-evaporation of weight portions 
of metals has been used, which was successfully tested earlier on other 
two-component systems [28,40]. The choice of the weight portions ratio 
of Ag (4.0 mg) and Cu (1.6 mg) is due to the desire to obtain a 
condensate of eutectic composition (~39.9 at.% of Cu). Annealing of the 
obtained condensate was carried out at the temperature of 300 �C for 30 
min. For all vacuum processes at the nanoparticle formation stage, the 
residual pressure in the chamber was not worse than 1⋅10� 5 Torr. 

The arrays of nanoparticles were studied using FEI Tecnai G2 20 S- 
Twin transmission electron microscope (TEM) equipped with EDAX 
company system for X-ray energy dispersive spectroscopy (EDX). The 
analysis of the obtained images allowed us to construct a histogram of 
the distribution of particles depending on their size. Using histograms, 
the average size of the array particles and the number of particles per 
unit area (surface density) were determined. PHI 5000 VersaProbe II 
photoelectron spectrometer with a monochromatized source of excita-
tion by Al Kα radiation (hν ¼ 1486.6 eV, power 50 W, diameter 200 μm) 
was used to determine the surface chemical composition and valence 
states of Ag–Cu nanoparticles. 

The samples with particle arrays for spectrophotometric studies were 
formed on 1200 μm thick glass substrates with the surface roughness of 
~3 nm. The substrates underwent standard chemical treatment in the 
solution of Karo and ammonium peroxide to remove organic and inor-
ganic contaminants, followed by washing in deionized water and drying 
under nitrogen. In the studied range, the transmittance of the glass used 
in the experiment was approximately 90%. The transmission spectra of 
such samples were measured using SF-2000 spectrometer in the wave-
length range of 0.35–1.00 μm. To present the results, the transmission 
spectrum of the glass was subtracted from the measured spectrum. To 
evaluate the effectiveness of the use of the formed nanoparticles arrays 
in SERS diagnostics, there was manufactured a series of planar SERS 
substrates similar to the substrates used in Ref. [17]. Their structure 
contained several functional layers: a single crystal Si substrate, a 
reflecting 100 nm thick Al layer, an intermediate 20 nm thick SiO2 layer, 
and a SERS active layer of an array of nanoparticles discussed above. 

Before the formation of the functional layers, the substrates under-
went standard chemical treatment. Thereafter, reflecting Al layer and 
SiO2 layer were sequentially formed in one vacuum cycle in the 
magnetron and electron beam deposition facility EvoVac (Angstrom 
Engineering Company). The layer deposition rate was ~1 Å/s. The value 
of the residual pressure in the chamber did not exceed 1⋅10� 6 Torr. 
Then, an array of nanoparticles was formed on the surface of the 
deposited SiO2 layer. 
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At the final stage of the sample formation by magnetron sputtering, 
the array of nanoparticles was covered with 25 nm thick amorphous 
carbon film. A 25 nm thick amorphous carbon film was chosen as the 
analyte for several reasons. It is equally transparent (~95%) in the entire 
studied wavelength range. The a-C film, formed by magnetron sputter-
ing, is highly continuous and uniform in thickness (thickness variation is 
~5%). In addition, they are very well studied [41]. Since the difference 
between SERS structures in this paper lies only in the SERS active layer 
used, the intensity of amorphous carbon spectral lines allows us to judge 
the efficiency of using each of the particle arrays. 

To obtain Raman spectra from the layers of amorphous carbon, the 
Raman spectrometer LabRAM HR Evolution with 600 mm� 1 diffraction 
grating was used. In order to reveal the correspondence between the 
efficiency of Raman scattering and optical characteristics of the formed 
arrays, measurements were taken at three different exciting radiation 
wavelengths: 488, 514 and 633 nm. For this purpose, a tunable wave-
length Melles Griot IMA101040 ALS argon laser and Melles Griot 05- 
LHP-928 helium-neon laser were used. The measurement parameters 
were similar to Ref. [17]. 

3. Results and discussion 

Fig. 1 shows TEM images of arrays of pure Ag nanoparticles and bi- 
component Ag–Cu nanoparticles, as well as the corresponding histo-
grams of array particles size distribution. As can be seen in the distri-
bution diagrams for an array of silver and Ag–Cu particles, the average 
particle size is close to 30 nm. Nanoparticles in the array of pure Ag are 

closer to spherical, while nanoparticles in the Ag–Cu array have an 
elongated and irregular shape. Actually, this is the reason why the 
particle size distribution diagram of this array is non-uniform: the error 
of determining the particle size is quite large. Statistical image pro-
cessing of these arrays gives the following results: the average particle 
size of pure silver is 30.1 nm and the standard deviation is 7.7 nm, while 
the average particle size of Ag–Cu is 34.2 nm and the standard deviation 
is 19.3 nm. Thus, the lower homogeneity of Ag–Cu particles compared to 
pure Ag particles is manifested in a larger standard deviation (56.4% 
versus 38.2%). 

We do not give here the image of the array of pure copper nano-
particles, because it was not possible to obtain such TEM sample by our 
method: copper particles almost completely oxidized by immersing the 
sample in water to dissolve the salt substrate. 

The chemical compositions of Ag–Cu particles surface were analyzed 
by X-ray photoelectron spectroscopy (XPS). The carbon lines of the 
substrate coating, gold and silver lines of alloy particles distributed in 
the coating and the oxygen line are present in the spectrum recorded in 
the area of 200 μm in diameter. The atomic concentrations of gold and 
silver were equal. The chemical state of silver was determined using the 
spectra of Ag3d and AgMNNas shown in Fig. 2. The binding energy of 
Ag3d 5/2 peak was 368.2 eV. M5N45N45 is an Auger peak corre-
sponding to the transition of an electron from the level N45 (Ag4d) to 
the level M5 (Ag3d5/2) with the release of energy EM5 - EN45 and 
subsequent electron emission from the level N45.M4N45N45 is an Auger 
peak corresponding to the transition of an electron from the level N45 
(Ag4d) to the level M4 (Ag3d3/2) with the release of energy EM4 - EN45 

Fig. 1. TEM images and particles size distribution histograms of silver (a) and Ag–Cu (b) nanoparticles arrays.  
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and subsequent electron emission from the level N45.To calculate ki-
netic energy, the peak M4N45N45 was used, because it is sharper and 
gives higher accuracy. The Auger parameter α0, determined from the 
peak of M4N45N45, amounted to 726.0 eV, which corresponds to the 
metallic silver Ag0. The Cu2p spectrum is shown in Fig. 3(a). The 
presence of plasma loss satellites indicates the presence of a CuO layer. 
The approximation of the Cu2p3 peak revealed two peaks: peak 1 
(932.6 eV) and peak 2 (933.8 eV), which corresponds to divalent copper 
Cu2þ in CuO, as can be seen from Fig. 3(b). Its share is approximately 
30–40%. Peak 1 can correspond to both Cu0 of metallic copper and 
Cu1þof Cu2O; separating these states by the Auger parameter α0 is 
impossible due to superposition of the CuLMM and Ag3p3 lines. Thus, 
using XPS, it was found that the resulting array of Ag–Cu nanoparticles 
consists only of metallic silver and partially oxidized metallic copper. 

Studies of Ag–Cu and pure Ag particle arrays in electron diffraction 
mode (Fig. 4) showed that in the case of Ag particle array (Fig. 4(a)), 
only diffraction rings from the fcc lattice with the parameter strictly 
corresponding to the lattice parameter of silver can be observed on the 
electron diffraction pattern. In the case of Ag–Cu array, a combination of 
the rings of two Ag and Cu lattices is present on the electron diffraction 
pattern, although the Cu rings are less intense. This is quite natural, 
since the conceived eutectic composition corresponds to 40 at.% Cu and 
60 at.% Ag [31]. In addition, the molar mass of Ag is 1.7 times greater 
than the mass of Cu. Fig. 5 presents the results of studying the sample in 

the scanning transmission electron microscopy mode (STEM) using a 
high-angle annular dark field detector (HAADF) in combination with 
EDX method. On the elemental maps it is clearly seen that most nano-
particles are composite, i.e. consist of copper and silver parts. Due to 
Z-contrast, these parts also differ in brightness in the HAADF-STEM 
image. 

To visualize the distribution of copper in a single particle, a dark- 
field image mode has been used. The most intense diffraction spots of 
copper 111, corresponding to the interplanar distance d ¼ 0.208 nm, are 
very close to 200 silver spots (d ¼ 0.204 nm). In particular, in the 
diffraction pattern of Fig. 2 (b), the corresponding rings practically 
merge. Therefore, to build a dark field image shown in Fig. 6 (a) the 
copper reflex 200 was used, corresponding to the interplanar distance d 
¼ 0.180 nm. As a result, the copper part (Fig. 6 (a)) of the particle shown 
in Fig. 6 (b) as bright-field image can be clearly seen. The quality of the 
Ag/Cu boundary can be estimated in the high resolution image (Fig. 7). 
It is possible to distinguish a region with a silver lattice (1) and a twin 
with a copper lattice (2 and 3). The boundary between them is clear 
enough. This suggests that in this case there is a heteroepitaxial 
boundary between silver and copper. 

When analyzing the phase equilibrium diagram of this system [31], 
the fact that the nanoparticles are composite and consist of both copper 
and silver at the same time seems quite natural. A feature of eutectic 
alloys is that their constituent elements do not mix (there is only limited 

Fig. 2. High-resolution Ag3d (a) and AgMNN (b) XPS spectra of Ag–Cu particle.  

Fig. 3. High-resolution Cu2p (a) and Cu2p3 (b) XPS spectra of Ag–Cu particle.  
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Fig. 4. Selected area diffraction patterns of silver (a) and Ag–Cu (b) nanoparticles arrays.  

Fig. 5. Fragmented STEM image of the studied array of nanoparticles (a); EDX elemental maps of this fragment (b), where copper is shown in red and silver in blue. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. (a) Dark field TEM image of Ag–Cu particle. To build this image the diffracted beam corresponding to (200) planes of copper lattice was used. (b) Bright field 
image of the same particle. 
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solubility in each other). At the same time, it is necessary to emphasize 
that they are very prone to contact with each other. As a result, the 
two-phase region in the solid state for these alloys consists of two solid 
solutions based on one and the other component with a very advanced 
interfacial contact area. Therefore, in the nanoscale region these two 
materials Ag and Cu still prefer to remain in contact with each other 
even at the level of nanoparticles. A composite particle is a eutectic at 
the nanoscale. The authors [25] did not have enough detail to see this 
clearly. But Malviya and Chattopadhyay [33] when using laser ablation 
observed a situation similar to our result. 

Fig. 8 shows the transmission spectra of metal particles arrays with 
an average size of ~25–30 nm. As can be seen, the transmission mini-
mum due to LSPR is at the wavelength of ~415 nm for Ag array, and at 
~580 nm for Cu. For a combined array of Ag–Cu particles, the trans-
mission spectrum has two minima: slightly shifted to the long- 
wavelength region by 460 nm corresponding to silver and slightly 
shifted to the short-wavelength region by 570 nm corresponding to 
copper. Thus, the position of the LSPR in this case somewhat did not 
coincide with the laser wavelength of our spectrophotometer. 

The Raman spectra of the amorphous carbon thin film (20 nm) on the 

studied nanoparticle arrays are shown in Fig. 9. As expected, the 
maximum amplification of the Raman signal for an array of Ag particles 
is observed for blue laser, whose wavelength of 488 nm is closest to the 
position of the LSPR for this array. When moving away from this position 
into the long-wavelength region, the enhancement efficiency naturally 
decreases. On the arrays of Cu nanoparticles, the amplification of the 
Raman signal as a whole turned out to be much lower, which can be 
associated with the rapid oxidation of copper nanoclusters. There are 
reports that oxidation of Cu to CuO or Cu2O leads to degradation of 
plasmonic properties [42,43]. As it can be seen, the advantage of the 
Ag–Cu alloy compared to Ag is that it amplifies the Raman signal well in 
a wide range of wavelengths, including the red region of the spectrum, 
which is most important. For the wavelength of 514 nm the enhance-
ment efficiency of the Ag–Cu array in our experiment turned out to be 
even higher than that of the Ag array. However, the enhancement factor 
(EF) that was calculated using a well-known technique [44] was 1⋅104 

for Ag at 488 nm and 7⋅103 for Ag–Cu alloy at 633 nm. The enhancement 
on Ag particles was slightly higher than on Ag–Cu alloy particles. Such 
values of EF are typical to SERS probe of amorphous carbon as a study 
object [17]. The estimation of the measurement error for the a-C film 
(1580 cm� 1) on Ag, Cu, and Ag–Cu nanoparticles (Fig. 9(d)) showed that 
the values of the relative standard deviation (RSD) do not exceed 9.2%, 
4.2%, and 10.7% respectively. 

Nevertheless, the Raman spectra obtained on the arrays of combined 
Ag–Cu nanoparticles demonstrate the most interesting results. Two facts 
are noteworthy here:  

� the maximum Raman scattering enhancement on the arrays of 
combined Ag–Cu nanoparticles turned out to be for red laser, whose 
wavelength of 633 nm is closest to the position of the LSPR of the 
copper nanoparticle array; 
� The Raman scattering enhancement efficiency of the Ag–Cu nano-

particles at 633 nm was comparable with the amplification of pure 
silver nanoparticles at 488 nm. 

Despite the unexpectedness of the result, the explanation seems to be 
quite simple and hidden in the composite nature of Ag–Cu nanoparticles, 
which was shown above in TEM study results (Figs. 5–7). Probable 
heteroepitaxial boundary Ag/Cu within the particle provides a good 
electrical contact between Ag and Cu parts. In fact, this means that such 
a particle has a unified collective community of free electrons. The 
difference consists only in different nature of interaction of this free 
electrons community with the potential fields of the crystal lattices of 
copper and silver. In particular, the plasma frequency of copper is in the 
red region of the spectrum, while the plasma frequency of silver is in the 
blue region. As it is well known from metal optics, below this frequency 
electrons oscillate strictly reproducing the frequency of the incident 
radiation; however, above this plasma frequency the metal electrons no 
longer have time to oscillate in accordance with the frequency of the 
incident radiation. In our case of a composite particle, this means that 
when exposed to red light, due to a single collective community of free 
electrons, the resonant plasmon excited in the copper part of the particle 
will spread in the silver part of the particle without any difficulty (or 
with even lower attenuation, since the electron mean free path in silver 
is greater than in copper). At the same time, when exposed to blue light, 
the resonant plasmon, excited in the silver part of the particle, will damp 
out in the copper part. As already noted above, the frequency of the 
silver resonant plasmon is higher than the plasma frequency of copper, 
and the free electrons in the copper part of the particle will not have time 
to oscillate according to the frequency of the silver plasmon. 

In the introduction we referred to papers [19,20]. They studied SERS 
on Ag–Pt and Au–Pd alloys. It was shown that EF in alloys is greater than 
that in pure Ag and Au, respectively. From the point of view of the above 
and the nature of the material itself, any alloy should concede to pure 
metal, especially silver, since any addition of impurity atoms to the 
crystal lattice violates its periodicity and leads to an increase in the 

Fig. 7. High resolution TEM image of Ag–Cu particle. (1): planes (111) of Ag 
crystal lattice. (2) and (3): twin crystal of copper. 

Fig. 8. The transmission spectra of the obtained arrays of Ag, Cu, and Ag–Cu 
nanoparticles on glass substrates. 
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scattering efficiency of free electrons and, consequently, to the loss of 
their energy. This affects plasmon resonance, and should cause a 
decrease in Raman scattering enhancement. Nevertheless, the increase 
in EF observed for alloys in Ref. [19,20] can be associated with another 
factor important for SERS – the form factor. So in Ref. [19,20] dendritic 
structures were studied, and in Refs. [45] it was shown that dendritic 
structures enhance the Raman signal more strongly in comparison with 
the particles. Although they can be inferior to other types in EF, in our 
opinion, SERS-active substrates based on arrays of nanoparticles are 
attractive because of their good controllability of the geometric pa-
rameters of particle ensembles [17,37,38] and the reproducibility of 
Raman signals, which is critical for practical use. Despite the higher 
average deviation due to the irregular shape, the obtained RSD values 
for the Ag–Cu particle array are close to pure Ag (<11%).The obtained 
RSD values (<11%) indicate a high integral homogeneity of SERS sub-
strates (Fig. 9(d)). Similar RSD values using arrays of Ag–Cu particles 
were reported for other substances [25,30], while for Ag–Cu dendritic 
structures, the error values were significantly larger (~26.3%) [22]. 

4. Conclusion 

To summarise, the arrays of Ag–Cu alloy nanoparticles were formed 
on the SiO2 surface by vacuum-thermal evaporation of a small amount of 
substance and condensation on an unheated substrate, followed by low- 
temperature annealing at 230 �C. With the use of instrumental methods, 

it was found that Ag–Cu particles are formed as composites: part silver, 
part copper, and the Ag and Cu parts are necessarily in contact with each 
other, which corresponds to the eutectic nature of the Ag–Cu system. 
Such an array demonstrates a noticeable Raman signal amplification 
close in value to a similar array of pure silver nanoparticles. Moreover, if 
silver is characterized by a blue range, the maximum enhancement for 
the array of Ag–Cu particles shifts to the red region of the spectrum, but 
it turns out to be noticeably higher than for pure copper arrays. This is 
probably due to the difference in the plasma frequency of these metals, 
and to the fact that the resonant plasmon excited in the copper part of 
the particle propagates with less difficulty in the silver part of the par-
ticle, while when exposed to blue light, the resonant plasmon excited in 
the silver part of the particle will be damped in the copper part. Thus, the 
use of Ag–Cu nanoparticle arrays extends the spectral capabilities of 
SERS. 
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