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Plasmonic materials that exhibit dual or multiple localised surface plasmon resonances (LSPRs) due to their high application
potential in biosensing and biodetection are gaining increasing attention. Here, we report on the novel strategy suitable for the
production of silver nanostructured dual-LSPR coatings. This fully vacuum-based technique uses a magnetron sputtering of Ag
and a gas aggregation source of silver nanoparticles. It is shown that when combined, produced Ag nano-islands and
nanoparticles exhibit due to their different sizes and shapes two independent LSPRs in the visible part of spectra. Furthermore,
the intensities and positions of individual LSPR may be precisely controlled by the amount of sputter-deposited nano-islands
and a number of Ag nanoparticles, which opens new possibilities for the tailor-made production of novel platforms for
surface-enhanced spectroscopic biodetection.

1. Introduction

Recent rapid advances in the fabrication of various types of
nanoparticles and nanomaterials with well-defined proper-
ties open new and fascinating opportunities in terms of the
production of materials with advanced functionalities. A typ-
ical example in which the nanofabrication plays the role of
enabling technology is the production of platforms suitable
for highly sensitive spectroscopic biodetection and biosensing
techniques, such as surface-enhanced Raman spectroscopy
(SERS) or surface-enhanced fluorescence (SEF) [1–12]. These
techniques benefit from the ability of metallic nanoparticles
to strongly enhance the local electromagnetic field that, in
turn, reinforces the interaction of the incident light with mol-
ecules in the vicinity of metal particles. The electromagnetic
field (EMF) enhancement, which may be attributed to the
excitation of LSPR, based on the collective oscillation of a
cloud of free electrons within the metal nanoparticle, reaches
its maximum value when the frequency of incoming light
matches the LSPR [8]. The position and the intensity of

the LSPR peaks are strongly linked with the material from
which the nanoparticles are formed, as well as with their
shape (e.g., [13, 14]).

Thus, all of these properties have to be controlled to
achieve the highest EMF enhancement needed for optimal
SERS or SEF activity of the fabricated nanomaterials. This
may be achieved by numerous techniques that employ both
top-down and bottom-up preparation strategies, including
sputtering or cluster beam deposition [15–17]. In addition,
today, considerable attention is given to materials that exhibit
multiple LSPR peaks, as they may trigger the development of
multifunctional platforms that will combine more detection
techniques on a single platform or will enable to use multiple
light sources operated at different wavelengths and to multi-
plex them [18, 19]. Moreover, as already shown theoretically
[20] and experimentally [21], the dual-LSPR materials offer
strong field enhancements, both in the excitation and scatter-
ing wavelengths, which, in turn, may lead to the significant
total enhancement of the detected SERS signal. From this
point of view, the possibility to produce surfaces with dual-
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LSPR at desired wavelengths is crucial for the assurance of
the enhanced performance of SERS active substrates.

Two general strategies are proposed for the fabrication of
dual- or multi-LSPR metallic materials. The first group is
based on the combination of two or more materials that are
arranged in different nano-architectures (e.g., mixtures of
NPs from two metals [22, 23], core-shell nanoparticles
[24–29], or sandwiched structures in which individual metal-
lic NPs are separated by a dielectric layer [23, 30]). However,
the necessity to use two or more materials makes the fabrica-
tion process rather complex and often laborious. This limita-
tion may be overcame by the second family of strategies
that uses single material nanostructures with special shapes
(e.g., nano-rods with various aspect ratios, nano-stars, and
bowties [21, 31–35]) or by a combination of single material
nanostructures with different sizes and shapes (e.g., a mixture
of flat triangular/hexagonal and smaller close-to-spherical
nanoparticles [36]).

The prevailing methods employed for the production
of single material multipeak LSPR surfaces are chemical
synthesis and lithography, which provide precise control
of the properties of the formed nano-objects. However,
these methods also pose certain disadvantages that relate,
for example, to the need to use potentially harmful sol-
vents, or precursors, whose handling and disposal require
high safety precautions, or low throughput of nanolithogra-
phy, which makes these techniques unsuitable for large-
scale production.

The main goal of this study is to demonstrate that silver
dual-peak LSPR coatings may be effectively produced by a
simple vacuum-based technique that combines sputter
deposition of silver nano-islands with the deposition of Ag
nanoparticles (NPs) by means of a gas aggregation source.
Furthermore, to show that this strategy makes it possible to
vary both the separation of individual LSPR peaks and their
intensities, a novel approach based on the production of
coatings with gradient plasmonic properties is adopted.

2. Materials and Methods

Silver nano-islands were deposited by means of water-cooled,
planar DCmagnetron, equipped with a silver target (81 cm in
diameter, 3mm thick, declared purity 99.99%). The magnetic
circuit with an intensity of 0.2mT above the erosion track
enabled to operate the magnetron at low pressure (0.07 Pa),
which is needed for the directionality of the flux of the
sputtered silver. The magnetron was operated in a constant
current mode with a current of 100mA. This value corre-
sponded to the voltage on the magnetron of 365V. The dis-
tance between the target and substrate holder was 100mm.

Ag nanoparticles were produced by a Haberland-type gas
aggregation source (GAS) [37]. This source is based on a DC
planar magnetron (81mm in diameter) introduced into a
water-cooled aggregation chamber. The aggregation cham-
ber (inner diameter: 102mm) was terminated by a cone with
an orifice of 1.5mm. The distance between the target and the
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Figure 1: Schematic pictures of (a) magnetron sputtering of silver and (b) GAS of Ag NPs.
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output orifice was approximately 150mm. GAS was installed
onto a main vacuum deposition chamber. The deposition
was performed at a pressure of 50 Pa in the aggregation
chamber (Ar flow: 5 sccm), whereas the pressure in the main
deposition chamber was below 0.01 Pa. The magnetron was
powered by a DC power supply. The current used in this
study was 200mA, which resulted in the voltage on the
magnetron of 291V. The distance between the output orifice
of the GAS and the substrate holder was 280mm.

Both magnetron sputtering and GAS systems enabled to
produce spatially homogeneous nano-island or nanoparticle
arrays on a surface area, having at least 4 cm in diameter. In
addition to spatially homogeneous deposition, both deposi-
tion setups were designed to enable the preparation of 1D
gradients. To achieve this, a movable mask was introduced
above the substrate to be coated (distance between the mask
and the substrate was 1mm), as schematically shown in
Figure 1. The mask initially shielded the entire surface of
the substrate. Simultaneously, with the start of the deposition
of Ag nanostructures (either nano-islands or nanoparticles),
the shield began to move with a constant speed in the direc-
tion along the sample length (i.e., the area of the substrate

reachable by the incoming Ag species or Ag NPs gradually
increased with time). As a result, various locations on the
substrate experienced different silver or silver NP deposition
times, which resulted in the formation of 1D gradient
coatings. The position on the sample that corresponds to
the initial position of the mask (i.e., the position exposed
for the longest time to incoming species/NPs) is denoted as
0 cm in the subsequent text.

As substrates were used either one-side polished Si wafers
(ON Semiconductor, Czech Republic) or soda lime glass
slides (Marienfeld) pre-coated with a C : F film. Fluorocarbon
film (30nm thick) was deposited by the RF magnetron
sputtering of a polytetrafluoroethylene target in an argon
atmosphere (for details, see [38]). The morphology of pro-
duced samples was determined by scanning electron micros-
copy (SEM) using a Mira3 microscope (TESCAN). SEM
images were acquired at different magnifications in a sec-
ondary electron mode with the energy of the electron beam
at 30 keV. Optical properties of silver nanostructured coat-
ings were measured by UV-vis spectrophotometry. A Hitachi
2910 spectrophotometer was used, and the absorption
spectra were recorded in the range from 325nm to 800nm.
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Figure 2: (a) SEM images of Ag nano-island films taken at different positions on the gradient sample. (b) Absorbance measured at different
positions on the gradient sample. The dashed line corresponds to the wavelength at which the intensity of the LSPR peak is maximal. Clear
redshift of the LSPR may be seen with decreasing position on the sample. (c) Examples of acquired UV-vis spectra of Ag nano-island films at
different positions on the gradient sample. The speed of the movable mask was 4 cm/min.
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3. Results and Discussion

To highlight the advantages arising from the combination of
silver magnetron sputtering with the deposition of Ag NPs by
means of GAS, the first step of this study was to separately
characterise the coatings prepared by these two techniques.
In agreement with previous studies [39–42], the magnetron
sputtering results in the formation of Ag nano-islands whose
size and separation depend on the time by which the sub-
strate is exposed to the flux of incoming silver atoms emitted
from the sputtered target. As seen in Figure 2(a), the position
on the sample that corresponds to a low fluence of silver is
characterised by a large number of well-separated small Ag
nano-islands. The increase of the deposition time, which is,
in this case, realised by the movable mask (speed: 4 cm/min),
subsequently, leads to the gradual growth of the size of
formed nanostructures and to the decrease of the mean gap
between them.

This is consistent with the growth model that assumes (1)
surface diffusion of Ag atoms, (2) formation of stable dim-
mers when two diffusing atoms meet, (3) growth of the
nano-islands by capturing new incoming atoms, and (4)

coalescence of growing nano-islands (e.g., [43]). Such
changes in the morphology of the growing silver films in
the direction parallel to the direction of the movement of
the mask cause progressive changes in the plasmonic proper-
ties along the sample length. This is demonstrated in
Figures 2(b) and 2(c): the redshift of the position of LSPR
peak and increase of its intensity was observed with the
decreasing position on the samples (i.e., with increasing
deposition time). This closely corresponds to previous stud-
ies that reported variations of the LSPR peak position
depending on the size [44] and mutual distance between
individual metallic nanostructures [45, 46].

Completely different behaviour may be observed when
the GAS of silver NPs is used. In contrast to sputter deposi-
tion, Ag NPs are formed, in this case, already in the aggrega-
tion chamber of the GAS. As a result, the increasing
deposition time has no impact on the size and shape of the
deposited Ag NPs and leads solely to the increase in their
number on the substrate. This effect, also observed in other
metallic NPs produced by the GAS system (e.g., copper
[47]), may be seen in Figure 3(a); whereas Ag nanoparticles
have a spherical shape with a mean diameter of 55 ± 12 nm
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Figure 3: (a) SEM images of Ag nanoparticle gradient films deposited by GAS taken at different positions on the sample. (b) Absorbance
measured at different positions on the samples. The dashed line corresponds to the wavelength at which the LSPR peak was observed. No
variation of LSPR position was observed along the sample length. (c) Examples of acquired UV-vis spectra of Ag nanoparticle films. The
speed of the movable mask was 1.5 cm/min.
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independent of the position on the sample, the number of
deposited Ag NPs linearly decreases in the direction of the
movement of the mask (i.e., with decreasing exposure time
of the substrate to the beam of incoming Ag NPs). The same
size of Ag NPs and the high mean distances between individ-
ual Ag NPs, which avoid the shift in the LSPR position due to
the dipole-dipole interaction between them [45], in turn,
assure constant positioning of the LSPR peak. Thus, increas-
ing the exposure time leads only to the increase of LSPR
intensity (see Figure 3(b)).

In the next step, both deposition techniques were com-
bined. Two different situations were investigated. In the first
one, the entire substrate was first homogeneously preseeded
with sputter deposited Ag nano-island films (deposition
time: 20 s) that were subsequently decorated by the gradient
film of Ag NPs (speed of the movable mask: 1.5 cm/min).
As the nano-island and nanoparticle depositions are two
independent processes, the morphology of the resulting coat-
ings is a simple combination of both. This is demonstrated in
Figure 4(a), where SEM images acquired on various positions
on the gradient sample are presented. Whereas the base layer

of the Ag nano-island film has on all positions on the sample
approximately of the same morphology, the amount of Ag
NPs deposited by GAS decreases with the decreasing time
of substrate exposure to the beam of incoming Ag NPs. In
addition, due to the significantly different sizes of the Ag
nano-islands and Ag NPs, the plasmonic properties of the
resulting coatings were also found to be a superposition of
the plasmonic properties of the sputter deposited Ag films
and arrays of Ag NPs. Because of this, two distinct LSPR
peaks were detected—the first belongs to Ag NPs (denoted
as LSPR1) and the second corresponds to the nano-islands
(denoted as LSPR2) (see Figure 4(b)). As the deposition time
of the Ag nano-islands was the same for all positions on the
sample (20 s), the spectral position and the intensity of the
LSPR2 peak remained the same along the sample length.
Furthermore, in analogy to GAS-based deposition, as shown
in Figure 3, the position of the LSPR1 peak does not depend
on the Ag NPs deposition time, and thus, only its intensity
changes and follows the gradient of the Ag NP surface den-
sity. In other words, the results presented in Figure 4 show
that by a combination of Ag sputter deposition and GAS
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Figure 4: (a) SEM images of gradient Ag nanoparticle films deposited by GAS (speed of the movable mask: 1.5 cm/min) on the substrate
preseeded with Ag nano-islands (deposition time: 20 s) taken at different positions on the sample. (b) Absorbance measured at different
positions on the samples. Two well-separated peaks may be seen. LSPR1 corresponds to Ag NPs, while LSPR2 is due to the Ag
nano-island films. As highlighted by dashed lines, no variations in the positions of both LSPR peaks were observed along the sample
length. (c) Examples of UV-vis spectra acquired on the gradient film.
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deposition, it is possible to prepare single material dual-LSPR
peak coatings with adjustable ratios between intensities of
individual LSPR peaks.

Finally, to check the possibility of also tailoring the dis-
tance between two LSPR peaks, substrates were coated by
the gradient film of Ag nano-islands (speed of the movable
mask: 4 cm/min) and, subsequently, decorated by the fixed
and spatially homogeneous amount of Ag NPs (deposition
time: 1min). Again, the morphology and the plasmonic
properties of the resulting coatings may be described as a
simple combination of properties of nano-islands and nano-
particles, and two independent LSPR peaks were observed.
Moreover, as is demonstrated in Figure 5, the plasmonic peak
that corresponds to the Ag nano-islands (LSPR2) shifts to
higher wavelengths and increases its intensity from the side
of the gradient sample, which was exposed shortly by the
impinging Ag atoms to the side that was in sight of view
of the sputtered silver for a longer time. In contrast, the
peak that corresponds to the Ag NPs deposited by means
of GAS maintains its position at about 370nm. However,
due to the overlap of both LSPR peaks, the absorbance

measured at the maximum of LPSR1 peak changed along
the sample length.

4. Conclusions

This study has introduced a novel, simple, and fully vacuum-
based strategy suitable for the production of single material
dual-LSPR peak coatings that combines sputter deposition
of Ag nano-islands with the deposition of Ag NPs by means
of a GAS aggregation source. It shows that this technique not
only enables the production of dual-LSPR coatings but also
makes it possible to tailor both the spectral separation of
individual LSPR peaks and the ratio of their intensity. This
is a very important result, mainly with respect to the possible
use of such produced plasmonic substrates as platforms for
biodetection and biorecognition. Furthermore, due to the
vacuum character of the fabrication procedure, no solvents
or precursors are required, which then avoids the necessity
of thoroughly cleaning the produced materials from the res-
idues, which is often necessary when chemical synthesis is
employed. This, together with the short deposition times
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Figure 5: (a) SEM images of Ag nanoparticle films deposited by GAS (deposition time: 1min) on substrate preseeded with the gradient film of
Ag nano-islands taken at different positions on the sample (speed of the movable mask: 4 cm/min). (b) Absorbance measured at different
positions on the samples. Two well-separated peaks may be seen. LSPR1 corresponds to Ag NPs, while LSPR2 is due to the Ag nano-island
films. As highlighted by dashed lines, while no change of the position of the LSPR1 peak was observed along the sample length, significant
redshift in the position of the LSPR2 peak with the deposition time of Ag nano-islands is evident. (c) Examples of acquired UV-vis spectra of
Ag nanoparticle films.
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and the possibility to coat relatively large surface areas
(square centimetres), makes this technique a highly interest-
ing alternative to the techniques commonly employed for the
production of multipeak LSPR materials.
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