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The ability to disperse metallic nano-objects in a given matrix material is an important issue for the design
and fabrication of functional materials. A means to monitor the spatial distribution of the nano-dopants is
highly desirable, but often possible only a posteriori and with destructive techniques. Here we present a
spectroscopic characterization based on different plasmonic responses of silver nanoparticles, their ag-
glomerates and finally the percolated silver film. We demonstrate its usefulness for the specific case of
their dispersion in Layer-by-Layer polymeric films but the method is extendable to any other host material
transparent in the visible/near UV range. Individual silver nanoparticles display the well-known localized
surface plasmon resonance around 400 nm, which is red-shifted upon inter-particle coupling. The transition
regime between weakly coupled particles and fully percolated metal films is, however, much harder to evi-
dence unambiguously. We show here how to monitor this transition using the so-called Ferrell plasmon, a
plasmonic mode of the thin film in the mid-UV and excitable only under oblique irradiation but without
specific coupling precautions. We can thus follow the entire transition from isolated to coupled and finally
to fully agglomerated nanoparticles by optical spectroscopy.
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Polymers constitute a large class of soft matter materials with a broad range of properties, playing essen-
tial and ubiquitous roles in everyday life. Especially when fabricated in alternating structures of polyelectro-
lytes (“Layer-by-Layer”, LbL), they represent a valuable toolbox for the high precision fabrication and tuning
of properties of thin films through the choice of constituents [1]. LbL is based on the sequential adsorption
of polyelectrolytes via electrostatic and non-covalent (van der Waals, hydrogen bonding, hydrophobic,
charge-transfer, etc.) interactions, endowing multilayers with distinct functionalities and capabilities to
address a wide range of applications. They exist e.g. as insulators and conductors or with variable optical
and mechanical properties such as transparency, stiffness or porosity (i.e. gas permeability) [2, 3]. The in-
clusion of metallic aggregates into a polymer matrix has attracted a lot of attention in the last years as it
can significantly enhance its mechanical, optical, thermal, electrical or catalytic properties [4, 5, 6, 7], but so
far this is achieved mainly through chemical approaches. Typically, chemically fabricated and passivated
nanoparticles (NPs) are added to the spin-coating solution or used as one of the polyelectrolytes, leaving
crucial parameters like particle concentration and interfaces out of reach. The inclusion of physically fabri-
cated, pure metallic NPs in simpler polymers such as polydimethylsiloxane (PDMS), poly(methyl methacry-
late) (PMMA) or polystyrene [8] has, however, demonstrated the feasibility and potential use in applica-
tions like stretchable electronics [9], or plasmonic materials [10], actuators [11] and antibacterial materials
[12].

One of the most promising applications of thin polymer films with embedded metal NPs is in (bio)sensors.
LbL polymer films are widely used as active biocompatible and functionalized layers in sensors based on the
impedance response over a large frequency range in combination with data processing methods such as
Principal Component Analysis [13]. This multi-dimensional data extraction allows efficient discrimination
between trace amounts of different analytes, even in minute quantities. Tuning the impedance of the ac-
tive layer by controlling the metal loading through NP incorporation is expected to significantly enhance
both sensitivity and selectivity of such devices [14], as already demonstrated for an LbL system [15]. The
underlying mechanisms remain, however, unclear and the study of systems with controlled architecture is
needed. Notably, the NP composition (including surface termination), their size and spatial dispersion in-
side the polymer matrix are crucial parameters determining the composite’s properties and suitability in
applications. In order to better understand the influence of the different parameters the particles should be
isolated from each other. In this case the well-known and well-defined individual properties, such as the
Localized Surface Plasmon Resonance (LSPR) or superparamagnetism, can be exploited, which are other-
wise often masked or complicated by inter-particle interactions, e.g. in spin-glasses. This knowledge is cru-
cial to design composite structures for specific applications in sensors, fuel cell membranes and energy
harvesting applications.

The aim of this letter is to demonstrate how to monitor the spatial dispersion and agglomeration of silver
NPs in LbL polymer films using optical spectroscopy. We show how to infer the transition from isolated to
coupled NPs and finally to a continuous film from the plasmonic response.

Our approach to fabricating benchmark samples of LbL polymer films with embedded metal NPs is based
on the fragmentation-free implantation of NPs fabricated in the gas phase. Surfactant-free silver NPs are
generated in magnetron cluster sources [16, 17], where silver atoms are sputtered from a wire or disc tar-
get. The atomic vapor is quenched in an argon/helium atmosphere, promoting aggregation into NPs, a large
fraction of which are positively charged. The whole cluster source is electrically floating with respect to
ground, its potential defining the kinetic energy of the silver cluster ions. Time-of-flight mass spectrometry
permits in-situ monitoring and adjusting the mean particle size and dispersion. The beam is then focused
onto the sample holder. In this study NPs with mean diameter controlled between 2 and 5 nm are implant-
ed at kinetic energies between 100-250 eV.



LbL films with two polyelectrolyte couples were deposited on quartz substrates by sequential dipping
[18]. Two different polyelectrolyte couples are used here. Poly(allylamine hydrochloride (PAH) and
poly(sodium 4-styrenesulfonate) (PSS) in (PAH/PSS), architecture is a standard system, the films described
here typically consist of 150 bilayers with a total thickness of ~300 nm. The second system used is
polyethylenimine (PEI) and poly(acrylic acid) (PAA) in (PEI/PAA), architecture, which has been shown to
grow exponentially [19]. Here films of thickness ~400 and ~3200 nm were grown, corresponding to 3 and 4
bilayers, respectively. The materials were obtained from Sigma-Aldrich and used as received. All solutions
were prepared in ultrapure water from a Sartorius Arium Comfort system. PAH and PSS solutions were pre-
pared at 0.5 mg/mL, with the pH adjusted to 7 using 0.1 M HCl or 0.1 M NaOH solutions. The PEI solution
was prepared at 1 mg/mL and pH 9, the PAA solution was prepared at 3 mg/mL and pH 3. The absence of
degradation when transferring the films into vacuum was verified with optical absorption and Raman spec-
troscopy; in no case was a significant change in the response evidenced. Both film materials are very soft, a
fragmentation-free particle penetration is expected even for the comparably low kinetic energies of ~0.1
eV/atom [8]. The mean penetration depth is defined by the particle material, its size and kinetic energy, as
well as by the nature of the polymer material. We do not present a comprehensive quantification of the
different parameters, but rather demonstrate the principal feasibility of controlled NP dispersion in the
polymer matrix. As the NP beam is focused onto the polymer film, the concentration of NPs continuously
varies from the center of the deposition spot towards the edge of the film, permitting concentration de-
pendent measurement series. Optical spectroscopy was performed in a Perkin Elmer Lambda 900 spectro-
photometer in transmission mode. Where indicated linear polarizers were used. All spectra were normal-
ized to reference spectra taken for undoped polymer films, outside the NP spot.

It is well known that, with increasing concentration, inter-particle coupling between neighboring NPs
leads to a gradual redshift of the LSPR, transforming the optical response from the superposition of many
individual NP LPSR signals to a collective response [20, 21]. We have observed this behavior in many sam-
ples and spectroscopic geometries. While for weak coupling the (perturbed) LSPR is the spectroscopic fin-
gerprint of choice, for higher metal loadings a simple spectroscopic response is not easily available. In the
following, we will introduce a purely plasmonic characterization technique that covers the whole range of
interest.

Interestingly, when performing the optical spectroscopy with linearly polarized light (TM) at an oblique
angle (55° with respect to the surface normal for all spectra shown), i.e. with a component of the electrical
field normal to the surface, an additional, narrow peak appears in the UV for many samples, as shown in
Fig. 1. This peak is absent for highly dilute samples (e.g. Ag NPs in silica [22]), but it was observed for many
different particle concentrations and different polymer matrices. It is observed up to highest Ag loading,
when the films start to turn opaque and mirror-like. At this point the LSPR is no longer measurable. The
spectral position and width of this additional signal vary slightly between samples and illuminated spots but
to a much lesser extent than the LSPR, which is red-shifted and broadened due to inter-particle interac-
tions. When measuring in the same geometry but with TE polarized light or at perpendicular incidence, only
the (red-shifted) LSPR remains and the additional peak in the UV disappears, as shown in Fig. 2. Here the
relative blue-shift of the TM LSPR with respect to the TE and perpendicular measurements may be attribut-
ed to the formation of anisotropic NP agglomerates but is not central to our argument. Slight variations
between curves taken for different geometries are due to the different normalizations. Great care has
been taken to ensure that the effects discussed in this letter are independent of and much stronger than
these normalization-dependent variations. Note that no size-dependent shifts of the intrinsic LSPR wave-
length are expected for Ag NPs in comparable matrices [22]. The underlying mechanism responsible for the
additional peak in the UV thus must be independent of the matrix and different from the LSPR.
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Figure 1: Optical extinction spectra of Ag NPs in different matrices under TM irradiation. Strongly diluted
particles in silica only show the well-known LSPR at 420 nm and the rise below ~310 nm due to interband
transitions [22] (black curve). Samples with higher concentrations in two different polymer matrices dis-
play a red-shifted LSPR and an additional peak around ~340 nm, absent at TE illumination. NP diameters
were 2.7 nm (SiO,), 4.9 nm (PAH/PSS) and 2.2 nm (PEI/PAA).
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Figure 2: Polarization dependence of the optical response for a sample with 3.5 nm Ag NPs in a PAH/PSS
LbL film of ~300 nm thickness.

We now show that the additional signal at ~¥340 nm stems from the formation of a continuous thin silver
film in the polymer matrix by comparing the samples described above to evaporated silver films. Structural
information about the samples is presented in the supporting information. In the case of a continuous silver
thin film, a transmission window around 330 nm is well known and best seen in the red curve of Fig. 3. This
(negative in extinction) peak is a particularity of silver and appears because of the very close energetic
proximity of the volume plasma energy (3.75 eV) and the onset of interband transitions (IB) at ~3.8 eV. A
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continuous Ag film efficiently reflects light below the plasma frequency but, contrary to simple Drude-type
metals, the film then does not become transparent but the IB transitions start absorbing. Between these
two regimes lies a narrow window of very high transmittance at approximately the volume plasma fre-
quency [23, 24], depending on the exact nature of the film.
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Figure 3: Polarization dependence of the optical response for a thin Ag film of nominal thickness 10 nm.
The blue curve is the difference between the TM and TE curves.

A silver film of thickness less than the skin depth can furthermore support several different plasmon
modes, the best known being the Surface Plasmon Polaritons (SPP) in their short- and long-range version
[25]. But there also exists a localized plasmon very close around the volume plasmon frequency [26]. Here
the entire electron density oscillates perpendicular to the surface, comparable to a plane capacitor. These
“normal surface plasma oscillation” or Ferrell modes [27, 28] possess an oscillating dipole moment and thus
couple directly to light, contrary to both longitudinal volume plasmons and plasmon polaritons. In fact Fer-
rell modes are the stationary counterpart of the long range propagative plasmon polariton in thin films, on
the left side of the light line [26]. They can, however, only be excited with TM polarization, i.e. with a non-
negligible component perpendicular to the thin film surface. This polarization dependence is shown for a 10
nm thick Ag film in figure 3. The difference curve in blue clearly shows the Ferrell plasmon resonance at 334
nm, i.e. at the plasma frequency of bulk silver. This Ferrell mode has been largely forgotten in the
plasmonics community, except for a small number of publications based on its infrared counterpart
(termed Berreman mode) in epsilon-near-zero materials [29, 30, 31]. Note that while closely related to, a
Ferrell mode is neither a volume plasmons nor an SPP, none of which can be directly excited by light.

On this basis we can now interpret the optical spectra of our cluster-assembled nanostructures. At lowest
NP concentration the intrinsic LSPR is measured. Its spectral position can be described by classical Mie the-
ory taking into account the dielectric properties of the matrix and corrections due to quantum effects at
the small sizes investigated here (<5 nm) [22]. For larger particles retardation and multipole excitations
have to be considered [20]. Increasing the volume concentration to >5% results in inter-particle coupling
and a consecutive red-shift and broadening of the LSPR. Around the percolation a more or less continuous
thin silver film is formed and the Ferrell mode appears in TM geometry. The fact that the films are not ho-
mogeneous in thickness and possibly discontinuous only slightly broadens and shifts the Ferrell mode. We
can thus use the plasmonic response of NP doped films to monitor coupling and agglomeration through the
whole range from isolated NPs to continuous films. The second transition, from coupled NPs to the thin
film, is demonstrated in figure 4, which shows TM and TE spectra at two different positions of a sample of
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3.4 nm Ag NPs implanted into a (PAH/PSS)so LbL film. A deposition energy of 240 eV results in high spatial
dispersion. At low particle density, only the LSPR of interacting Ag NPs is visible at ~450 nm at the edge of
the area with implanted NPs. Towards the center of the NPs spot the Ferrell plasmon peak appears in TM
geometry.
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Figure 4: Polarization-dependent plasmonic response curves of a sample with 3.4 nm Ag NPs implanted
into a (PAH/PSS)150 LbL film at a deposition energy of 240 eV. Only at high NP concentration, inside the
particle spot, is the Ferrell plasmon of a continuous film visible.

The LSPR energy and width strongly depend on the shape and environment of the NP in question, thereby
justifying their use in sensing applications. The Ferrell mode, on the other hand, is much more insensitive to
the local structure. Even comparably ill-defined nanostructured films, like the concentrated ones discussed
here, show clear peaks with only slight shifts and broadening. This makes the Ferrell mode a simple finger-
print, easy to realize and measure in various types of nanostructure geometries, especially when compared
to more complex optical techniques relying on hot spots or near field excitation [32, 33]. Significantly, it
does not require specific coupling through a high-index prism, as do the propagative surface plasmon
polaritons [34]. A comprehensive theoretical description of the Ferrell mode in analogy to [29, 35, 36], and
in particular for non-ideal systems like the ones presented here, is clearly desirable, but beyond the scope
of this letter.

In conclusion, we have shown that the loading of transparent thin films, here LbL fabricated polymer
films, with silver nanoparticles, can easily be monitored by plasmon spectroscopy. Depending on the cou-
pling between particles and their agglomeration into continuous metal film structures, a signal in the UV,
additional to the well-known localized surface plasmon resonance, appears if a significant fraction of the
electric field of the exciting light is normal to the film. This effectively forgotten Ferrell mode, at the volume
plasmon frequency, is a fingerprint of a (semi-) continuous thin silver film, easy to realize and detect. Our
wide-range plasmonic characterization technique is an important step towards the controlled tuning of
nanoparticle doped polymer films for applications in sensors or fuel cell membranes.

Supplementary Material

Complementary structural characterization of thin Ag films and Ag NP doped LbL films can be found in the
supplementary material.
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