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Abstract

Understanding how the plasmonic response of a metallic nanoparticle is modified by

its coupling with a metallic film is a fundamental research problem relevant for many ap-

plications including sensing, solar energy harvesting, spectroscopy, and photochemistry.

Despite significant research effort on this topic, the nature of the interaction between

colloidal nanoparticles and metallic films is not fully understood. Here, we investigate,

both experimentally and theoretically, the optical response of surface ligand-coated

gold nanorods interacting with gold films. We find that the scattering cross section of

these systems is dominated by a charge transfer plasmon mode, for which charge flows

between the particle and the film. The properties of this mode are dictated by the
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characteristics of the particle-film junction, which makes the frequency of this charge

transfer plasmon far less sensitive to the nanoparticle size and geometry than a typical

dipolar plasmon mode excited in similar nanorods placed directly on a purely dielectric

substrate. The results of this work serve to advance our understanding of the interac-

tion between metallic nanoparticles and metallic films, as well as provide a method for

creating more robust plasmonic platforms that are less affected by changes in the size

of individual nanoparticles.
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When illuminated, metallic nanostructures are capable of sustaining collective excitations

of their conduction electrons, commonly known as surface plasmons.1 These excitations cou-

ple strongly to light, resulting in large cross sections, and producing significantly enhanced

electric fields around the nanostructure.2,3 Thanks to these extraordinary properties, metal-

lic nanostructures are being used to improve solar energy harvesting devices,4 drive chemical

reactions using light,5–7 and increase the sensitivity of biosensors,8–11 to cite some relevant

applications. The characteristics of a plasmon resonance are determined by the shape, size,

and material properties of the metallic nanostructure that supports it, as well as by the

dielectric environment in which the nanostructure is located.12 A paradigmatic example of

such dependence is the redshift experienced by the plasmon resonance of a metallic nanos-

tructure when placed near a dielectric substrate.13 The changes of the plasmonic response of

the nanostructure become particularly strong if the substrate is metallic, due to the coupling

with the conduction electrons of the latter,14–18 which results in an extraordinary electric

field concentrated in the gap separating the two systems.19–23 This field enhancement is par-

ticularly large when molecular spacers on the nanometer scale are used.24 Due to this effect,

coupled metallic particle-film structures have been the subject of extensive research in recent
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years24–30 as a promising platform for achieving ultrasensitive molecule detection,31–33 single

molecule optomechanics,34 strong coupling,35 enhanced emission,36–38 and color printing.39

Despite the significant research effort and widespread applications of particle-film plas-

monic systems, the interaction between a colloidal nanoparticle and metal film is not fully

understood. Chemically synthesized metal nanoparticles are inherently coated with surface

ligands (organic molecules) that provide a natural spacer of a thickness on the order of a

few nanometers.40–44 The properties of this layer determine the nature of the interaction,

and hence the plasmonic response of the coupled system. In particular, the existence of a

conductive junction between the particle and the film enables a distinct type of plasmonic

resonances, commonly referred to as charge transfer plasmons,45 in which the charge oscil-

lates between the two systems.46 These modes have been extensively investigated in particle

dimers due to their potential for sensing applications,45,47–49 as well as for being a robust

platform to observe quantum plasmonic effects.50–53

Here, we investigate how the optical response of colloidal metallic nanoparticles is mod-

ified as a result of the interaction with metallic substrates. To that end, we analyze the

scattering spectra of individual gold nanorods of different sizes deposited both on silica and

gold substrates. We find that, when they are placed on the metallic substrate, the scattering

response of the nanorods is dominated by a charge transfer plasmon mode, in which charges

oscillate between the substrate and the nanorod. Surprisingly, the resonance frequency of

this mode is only weakly dependent on the size and width of the nanorods, which is in

sharp contrast with the behavior shown by nanorods with similar sizes when they are placed

on the purely dielectric substrate, in which case the scattering spectrum is dominated by

a dipolar mode whose spectral position varies strongly with the length and width of the

nanorod. Using a combination of rigorous solutions of Maxwell’s equations and a simple

analytical model, we show that the properties of the charge transfer mode are solely de-

termined by the local characteristics of the particle-film junction, and therefore are weakly

sensitive to the dimensions of the particle. These results contribute to advancement of the
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Figure 1: Optical response of gold nanorods placed on different substrates. (a,b) Schematics
of the system under study consisting of a gold nanorod of length L and width w, placed
directly on a silica substrate (a), or on a 50 nm-thick gold film deposited on silica (b).
(c,d) Experimental single-particle scattering spectra for nanorods of width w = 40 nm and
different aspect ratios A = L/w, as indicated by the labels, placed either on the silica (c) or
gold (d) substrates. (e,f) Numerical simulations of the scattering spectrum of the nanorods
of panels (c) and (d) performed by using a finite element method (FEM) approach. In all
cases, the scattering spectra are normalized to their maximum value.
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fundamental understanding of nanoparticle-film interactions, as well as to provide a basis

for the development of plasmonic systems that are robust against differences in nanoparticle

size.

The system under study is depicted in Figures 1(a) and (b). It consists of chemically

synthesized gold nanorods of width w and length L, which are placed either directly on

a silica substrate, or on a 50 nm-thick gold film deposited on silica (see the Supporting

Information for details of the sample preparation). The nanorods are excited by focusing a

ring of white light using dark-field objective of numerical aperture of 0.9 (see Figure S1 in

the Supporting Information for more details on the experimental setup).

The normalized spectra measured for gold nanorods placed on the silica and gold sub-

strates are shown in panels (c) and (d) of Figure 1, respectively. In each case, we analyze the

scattering spectra of three different nanorods, all of them with the same width w = 40 nm,

but different aspect ratios A = L/w, as indicated by the labels in the plot. When deposited

on the silica substrate, the scattering spectra of the gold nanorods display a single peak

in the analyzed spectral region, whose location significantly depends on the aspect ratio of

the nanorods, shifting to lower energies as the length of the rod increases. This is exactly

the expected behavior for the longitudinal dipolar plasmon of the nanorod, whose energy

is inversely proportional to the nanorod length.12 Interestingly, when nominally the same

nanorods are, instead, placed on the gold film, we find that their corresponding scatter-

ing spectra converge to essentially the same resonance energy near 1.8 eV, regardless of the

aspect ratio of the nanorods.

For the purpose of understanding this behavior, we calculate the scattering spectra for

nanorods of the same dimensions by rigorously solving Maxwell’s equations using a finite

element method (FEM) approach. To reproduce the single crystalline nature of the nanorods,

we model them as being faceted on four sides, with a facet width wf = 0.875w (see FigureS2

in the Supporting Information for a detailed description of our simulation geometry). In all

cases, the nanorods are assumed to be in conductive contact with the substrate at one of
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their facets. The choice of this configuration is based on the assumption that the surface

ligands, which are initially coating the nanorods in solution, spread across the surface of

the substrate during the deposition of the nanorods, which, together with the roughness

of the substrate, enable a direct contact between them and the substrate. The validity of

this assumption is confirmed later in the manuscript through experimental and theoretical

evidences. The results of these calculations are shown in panels (e) and (f) of Figure 1.

Comparing them with the measurements, we observe a very good agreement on the spectral

position and lineshape of the resonances. Importantly, the theoretical results reproduce the

behavior observed in the experiment, namely the change from a size-dependent response

when the nanorods are placed on silica, to a largely size-independent response when placed

on the gold film. Incidentally, the theoretical predictions display slightly broader resonances

than those observed in the measurements. This difference could be attributed to the larger

material losses in the structures used to tabulate the dielectric function that we employ in

the calculations,54 as compared to the expectedly more crystalline nanorods used in this

experiment.

In order to verify that the behavior observed in Figure 1 is not particular to the analyzed

nanorods, we measure single-particle scattering spectra for over 200 gold nanorods on each

substrate (silica and gold film), with different widths and aspect ratios. The results are

displayed in Figure 2. In particular, panels (a) and (b) show the scattering spectra of

the individual nanorods placed on the silica and gold substrates, respectively. The results

are organized based on the dimensions of the nanorods as indicated by the labels and the

background color. We measure nanorods with w = 40 nm and A = 1.7, 2.2, 3.7 (which

correspond to L = 68, 88, 148 nm) as well as w = 25 nm and A = 2.3, 2.8, 3.6 (which

correspond to L = 58, 70, 90 nm), according to the specification for the colloidal solution.

Examining the results of Figure 2(a), we observe a clear jump on the average peak energy

when the nominal size of the gold nanorods is changed. The small fluctuation within the

same type of nanorods is a consequence of the size distribution in the colloidal solution.55
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In contrast, as shown in Figure 2(b), when the nanorods are placed on the gold film, their

resonance energy is only weakly dependent on the size and aspect ratio of the nanoparticles.

Notice that all of them fall approximately within a 0.3 eV window around the same energy.

Furthermore, in this case, the scattering intensity does not scale with particle size; there

instead appears to be an optimal particle size that couples light into and out of the system

more efficiently. Even though the average resonance energy does not change appreciably

with the significant change in the aspect ratio (from 1.7 to 3.7) of the gold nanorods, there

is an appreciable fluctuation from particle to particle. This effect can be attributed to the

sensitivity of the response to variations in the geometry of the particle-film interface, as

well as changes in the distribution of surface ligands and the chemical composition of the

environment.

We further analyze the scattering behavior of the nanorods by extracting the resonance

energy and linewidths from the measured data, through the fitting of a Lorentzian function to

the different experimental spectra. The corresponding results are summarized in Figures 2(c)

and (d). Clearly, for nanorods on the silica substrate, the linewidth increases with resonance

energy. We attribute this behavior to the larger overlap of the plasmon resonance with

the interband transitions of gold, which is expected to increase the nonradiative losses,

thus resulting in a broader lineshape.1,56,57 However, nanorods placed on gold show a weak

relationship between linewidth and aspect ratio, with larger sizes resulting in slightly larger

linewidth, as shown in Figure 2(d). It is worth noting that this relationship is the opposite of

what we observe for the same nanorods placed on silica. For example, considering the nominal

width of 40 nm, gold nanorods with aspect ratio of 3.7 display the narrowest linewidths when

placed on silica, but the broadest linewidth when sitting on the gold film, as can be seen by

comparing the data plotted in Figures 2(c) and (d). This is consistent with the fact that

the radiative losses increase with nanorod volume,17 while the nonradiative ones, which are

associated with the material losses of the system, and therefore dependent on the dielectric

function, stay constant due to the fixed plasmon energy.
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In order to understand the origin of the difference in the response of the nanorods when

placed on the silica and gold substrates, we calculate the induced charge and the radiation

pattern associated with their plasmon resonance. In particular, we focus on a nanorod with

w = 40 nm and A = 3.7, due to the large resonance energy shift when changing from silica

to gold substrates, as shown in Figure 3(a) by the green and red curves, respectively. The

corresponding induced surface charge maps are plotted in the upper panels of Figure 3(b).

The results for the nanorod placed on silica (left panel) confirm the longitudinal dipolar

nature of the resonance, and therefore explain the observed correlation between aspect ratio

and resonance position. The associated radiation pattern confirms this result. It corresponds

to a dipole oscillating parallel to the substrate with a secondary lobe structure caused by

the actual shape of the nanorod facet, which breaks the symmetry of the emission pattern.

As expected, the majority of the radiation is emitted into the silica substrate.58

On the other hand, for the nanorod placed on gold (right panel), we observe a completely

different charge map. In this case, we find that the plasmon response is associated with a

transfer of charge between the nanorod and the film, in which the entire nanorod is positively

or negatively charged, with the film having the exact opposite charge. This means that

the scattering response of the nanorods placed on the gold film is dominated by a charge

transfer mode. The radiation pattern corresponding to this mode is shown in the lower right

panel of Figure 3(b). In this case, based on the induced charge map, we expect a dipole

oscillating perpendicular to the substrate, which consequently produces a doughnut-shaped

radiation pattern. This is confirmed by the calculations, which also show a secondary lobe

structure caused, again, by the faceting of the nanorod. Both radiation patterns are in good

agreement with the experimental dark-field images shown as insets in the lower panels. It is

worth noting, that these results discard the possibility of the observed behavior being caused

by the transversal mode of the nanorods.

So far, we have assumed that, when placed on the gold film, the nanorods are in conduc-

tive contact with the metallic surface. However, we know that, due to the chemical synthesis

9





process, the gold nanorods are partially covered by surface ligands (cetyltrimethylammonium

bromide, CTAB) when they are suspended in solution, which, during the deposition process,

are expected to spread across the substrate, leaving the nanorods in direct contact with it. In

order to understand the role that the surface ligands can play in the optical response of the

system, we repeat the calculations of the scattering response of a nanorod deposited on the

gold substrate assuming, in this case, a dielectric spacer located between the nanorod and

the substrate30 (see Figure S2 in the Supporting Information for a detailed description of our

simulation geometry). The results of this calculation are shown in Figure 4. More specifi-

cally, in panels (a) and (c), we analyze the scattering spectra of nanorods with A = 1.7 and

3.7, respectively, and fixed w = 40 nm. The solid curves display the theoretical calculations

performed assuming that the nanorods are either in direct contact with the substrate (red

curve), or separated from it by a 1.5 nm-thick spacer with dielectric function ε = 2 (green

curve), while the black dots represent single-particle measurements for two nanorods of nom-

inally the same dimensions as those modeled. Clearly, in the absence of conductive contact,

the scattering spectrum displays several peaks that correspond to cavity plasmons confined

to the dielectric spacer,59 as shown in Figure S3 of the Supporting Information. The presence

of these peaks and the broader lineshape of the spectrum when compared with the corre-

sponding one for the direct contact configuration are in sharp contrast with the experimental

results. It is important to remark that none of the hundreds of single-particle measurements

we have performed display any extra peak. One may argue that, due to its cavity nature,

these resonances may not be visible in the experiment due to the surface roughness of the

metallic film. In order to discard that possibility, we have performed a careful analysis of

the topography of our metallic film, together with simulations of the scattering spectra of

the system considering different types of defects in the dielectric spacer. The corresponding

results, which are shown in Figures S4, S5, and S6 of the Supporting Information, show that,

in all cases, several peaks are always present in the scattering spectrum when the nanorods

are separated from the film by a dielectric spacer.
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Interestingly, by adding a finite conductivity σ to the dielectric function of the spacer,

which then becomes ε = 2 + iσ/(ε0ω), it is possible to recover the results obtained for the

case of the nanorod being in direct contact with the substrate. This is shown in panels

(b) and (d), where we plot the scattering spectra of the nanorods calculated for different

values of σ in the range 103 − 107 Ω−1m−1, as indicated by the legend (for reference, the

static conductivity of gold is ∼ 4× 107 Ω−1m−1). Examining these results, we observe that,

as the conductivity increases, the multiple peaks in the spectrum disappear and a single

resonance, located at the frequency of the charge transfer plasmon, emerges. Interestingly,

this transition seems to occur for values of the conductivity below 105 Ω−1m−1. Beyond that

value, the increase of the conductivity does not alter the spectral position of the resonance,

although it makes the resonance become stronger and narrower, which is consistent with the

reduced dissipation associated with an increase of the conductivity.

It is worth noting that, when comparing the spectra obtained for the nanorods sitting on

the dielectric substrate with those calculated for the nanorods separated from the metallic

film by a 1.5 nm-thick dielectric spacer, we observe a redshift of the scattering spectrum

for the nanorod with A = 1.7, and a blueshift for the one with A = 3.7 (see Figure S7 of

the Supporting Information). We attribute this behavior to the differences in the coupling

between the longitudinal and transversal modes of the nanorods and the metallic film, which

play an important role when the nanostructures have an aspect ratio different from 1.

The results analyzed in Figure 4 support the hypothesis that the behavior we observe

in the experiment arises from the conductive coupling between the nanorod and the gold

film. The experimental and theoretical results strongly suggest that the interface between

the gold nanorods and the gold film is conductive, and the resonance can be described as

a charge transfer plasmon. This is compatible with a low CTAB coverage on the surface of

the nanorods, which we have verified by repeating the measurements shown in Figure 2 for

nanorods that are prepared using a procedure that is expected to remove a larger fraction

of surface ligands. As shown in Figure S8 of the Supporting Information, the new results
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Figure 4: Effect of surface ligands. (a) Normalized scattering spectra of a nanorod of w =
40 nm and A = 1.7 placed on the gold substrate. The solid curves show the theoretical
predictions assuming the nanorod is in direct contact with the substrate (red curve), or is
separated from it by a 1.5 nm-thick dielectric spacer with dielectric function ε = 2 (green
curve), while the black dots correspond to the experimental single-particle measurements.
(b) Comparison of the scattering spectra of the nanorod of panel (a) for different values of
conductivity of the dielectric spacer, as indicated by the legend. (c,d) Same as (a,b), but for
a nanorod of w = 40 nm and A = 3.7.
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are similar to those of Figure 2, which supports our claim. Indeed, a recent work has shown

that the CTAB coverage on the surface of nanorods is not uniform.60 This, together with the

surface roughness of the metallic film (see Figure S4), can enable sufficient contact points

between the nanorod and the film. Furthermore, theoretical calculations have shown that,

for gaps of ∼ 0.4 nm, the conductivity arising from tunneling processes can be larger than

105 Ω−1m−1 for moderate electric fields.61

The questions that are now posed are why there is a conductivity threshold for the

charge transfer mode, and why its frequency is so weakly dependent on the dimensions of

the nanorod. In order to answer these questions, we use a simple analytical model similar to

that presented by Pérez-González et al.45 to explain the behavior of charge transfer plasmons

in plasmonic nanoparticle dimers bridged by conductive junctions. We first assume that the

combined nanorod and substrate system acts as a capacitor with a conductive junction

connecting the two elements. When illuminated, the amount of charge flowing between

the particle and the film, associated with the excitation of the charge transfer plasmon

mode, must be such that it cancels out the field induced between the nanorod and the

film. Therefore, in a first approximation, and ignoring any inhomogeneity of the field within

the facet of the nanoparticles, this charge can be written as Q = CdEind, where Eind is

the induced field, C is the capacitance of the system, and d the distance between the two

elements. The product Cd defines an effective capacitance area Ac = Cd/ε0, which depends

exclusively on the geometry of the nanorod-film junction. For instance, if, instead of a

nanorod, an extended planar surface is considered, Ac corresponds to the surface area. On

the other hand, the current flowing between the nanorod and the film can be approximated as

I = σAjEind, where σ is the conductivity of the junction, and Aj is the junction area, which,

in our case, is equal to the facet area. Then, the frequency of the charge transfer plasmon,

ωCTP, can be obtained from the ratio I/Q. By doing so, we can write σ ∝ ωCTPAc/Aj.

This equation states that, for a given system, there is a minimum conductivity necessary to

sustain the charge transfer plasmon, in accordance with the results of Figures 4(b) and (d).
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Furthermore, in the limit of large conductivity (i.e., beyond the conductivity threshold),

the frequency of the plasmon is expected to scale as Aj/Ac. Then, ignoring the effect of the

hemispherical ends of the nanorods, Ac is proportional to the surface area of the nanorod, and

therefore to w. This makes the ratio between the junction and capacitance areas independent

of the length of the nanorod (since both of them are proportional to it), thus depending only

on the ratio between the facet and the nanorod widths, i.e., Aj/Ac ≈ wf/w. Accordingly,

we expect the frequency of the charge transfer plasmon to scale with wf/w, which can be

understood as the “squareness” of the nanorod, as shown in the inset of Figure 5.
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Figure 5: Effect of particle shape on the charge transfer plasmon resonance. Energy of the
plasmon resonance as a function of the “squareness” of the nanorods, calculated for multiple
nanorods of varied width w and aspect ratio A, as indicated by dot color and the legend.
Squareness is defined as the ratio between the width of the facet wf and width of the nanorod
w, as depicted in the inset.

To test the predictions of this model, we calculate the scattering spectra of nanorods

placed in direct contact with a gold substrate, and with the same widths and aspect ratios

as those analyzed in Figure 2, but varying their wf/w ratio. We plot the energy of the

resulting scattering peaks in Figure 5 as a function of wf/w, using dots of different colors

for the different nanorods, as indicated by the legend. Examining these results, we observe

that, as wf/w increases and approaches 1 (i.e., a square transversal cross section), the peak

energies are blue shifted and tend to an asymptote, as predicted by our model. Furthermore,
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we find that, for each value of wf/w, the resonance energies of all of the nanorods investigated

fall within a . 0.3 eV window, in good agreement with the experiments (see Figure 2), for

which we expect a uniform value of wf/w determined by the synthesis of the nanorods.

This confirms that the weak dependence of the scattering spectrum of the gold nanorods

deposited on the gold film arises from the charge transfer nature of the resonance. We

attribute the 0.3 eV variation to the effect played by the hemispherical ends of the nanorods,

which is expected to change with their dimensions. Interestingly, the scattering spectra of

nanorods placed on silica are almost independent of the value wf/w as shown in Figure S9 of

the Supporting Information, which is consistent with the dipolar character of the dominant

resonance of the scattering spectra of these structures.

In summary, we have presented a detailed experimental and theoretical study of the

optical response of gold nanorods placed on both silica and gold substrates. We have found

that, for nanorods placed on silica, the response is dominated by a dipolar surface plasmon

whose characteristics are very dependent on the size and aspect ratio of the nanorod. On the

contrary, when the same nanorods are placed on a gold substrate, the scattering spectrum

displays a strong charge transfer plasmon resonance, for which charge flows between the

particle and the substrate. This mode, in contrast to the typical dipolar resonance, is always

located around the same energy, regardless of the width and aspect ratio of the nanorod.

Using rigorous solutions of Maxwell’s equations, as well as a simple analytical model, we have

shown that the properties of this mode are dictated by the characteristics of the particle-

film junction. The results presented here provide new insights into the interaction of metallic

nanoparticles with metallic substrates, which could be exploited to design plasmonic systems

that are more robust against variations in the nanoparticle geometry.
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