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We have analysed the effect that holes have on the properties of propagative surface plasmon

modes in semitransparent nanoperforated Au films. The modes have been excited in Kretschmann

configuration. Contrary to continuous films, where only one mode is excited, two modes are

observed in Au nanohole array. The origin of this different behavior is discussed using effective

optical properties for the nanoperforated films. The presence of the holes affects the effective

optical constants of the membranes in two ways: it changes the contribution of the free electrons,

and it gives rise to a localized transition due to a hole induced plasmon resonance. This localized

transition interacts with the propagative surface plasmon modes, originating the two detected

modes. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4897198]

I. INTRODUCTION

In the last few years, nanoperforated metallic films have

attracted much attention from both fundamental and applied

points of view. Such structures present new optical phenom-

ena and have found applications in sensing, energy harvest-

ing, and telecom fields.1–7 For thick films (typically a few

hundreds of nanometers), most of these studies are focused

on the effect that different parameters, such as hole diameter,

hole shape, periodicity, and degree of ordering of the hole

array, etc., have on the optical transmission properties of the

structure, with extraordinary transmission effects receiving

special attention.8,9 However, for partially transparent thin

films (typically a few tens of nanometers), where extraordi-

nary transmission phenomena do not apply,10,11 the focus

was not only on the transmission properties of the system but

also on other optical properties such as scattering or reflec-

tance.12–18 In all of these studies, it has been clearly shown

that propagative plasmon modes, also known as surface plas-

mon polaritons (SPPs), play a key role in determining the op-

tical properties of the system. However, despite their

relevant function, not so much attention has been paid to the

modification of these SPP modes induced by the presence of

holes, other than the role of corrugated periodicity. In this

work, we address this question by analysing the effect that

holes have on the dispersion curve of SPP modes of ran-

domly perforated Au thin films. This is done by exciting

SPPs in the so called Kretschmann configuration.19 We will

show that, contrary to continuous films, where the angular

reflectivity curves have only one minimum, the reflectivity

curves of the membranes show two minima. These two min-

ima originate from the interaction of the propagative plas-

mon modes of the membrane and the hole induced plasmon

resonance.

II. RESULTS

The membrane samples were obtained using a partial

process of the hole mask colloidal lithography technique.20

As sketched in Fig. 1, a layer of polystyrene spheres, 200 nm

in diameter, was deposited by spin coating on top of a

200 nm thick PMMA layer previously deposited on a glass

substrate. Then, Au films either 30 or 45 nm thick were de-

posited on top by magnetron sputtering, and finally the

spheres were removed by tape stripping. The resulting struc-

tures consist of a random distribution of 200 nm diameter

nanoholes in a Au layer (in other words, Au membranes) on

a continuous PMMA layer deposited on glass. Unless other-

wise stated, the hole concentration was around 3 holes�lm�2.

An AFM image of a representative membrane is presented

also in Fig. 1 for illustration. Together with the membranes,

continuous Au thin films of the same thickness were also de-

posited as a reference.

In order to study the effect that holes have in the disper-

sion relation of the SPPs sustained by the Au membranes, we

have performed wavelength dependent reflectance measure-

ments in Kretschmann configuration,19 combined with spec-

tral ellipsometry. The upper sketch in Fig. 2(a) illustrates

schematically the experimental setup. The glass substrate is

attached to a semi spherical BK7 prism using matching-

index oil. A p-polarized collimated monochromatic light

beam illuminates the sample through the prism and the

reflected light is detected with a photodiode. In this configu-

ration, the prism adds the extra momentum that needs the

incident photon to couple to the SPP mode propagating along

the film/air interface. At the incident angle at which the in-

plane wavevector of the photon matches the wavevector of

the SPP, the reflectivity has a minimum. In Figs. 2(a) and

2(b), we show the reflectivity spectra as a function of the

photon energy for the 30 and 45 nm thick Au membranes,

respectively, measured at three different incidence angles.

For reference, the corresponding spectra for the respective

continuous Au films are also shown. As it can be observed,
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the spectra obtained for the membranes present clear differ-

ences with respect to the continuous films. These last ones

exhibit a single sharp reflectivity minimum whose position

blue-shifts with increasing incidence angles, whereas the

reflectivity spectra of the membranes exhibit two somehow

broader minima, the high energy one basically obtained at

the same energy than that obtained in the continuous film. In

the case of the membranes, the spectral positions of both

minima blue-shift with increasing incidence angles.

To understand the behaviour obtained for the mem-

branes, we have studied the optical properties of the fabri-

cated structures by spectral ellipsometry. In Fig. 3, we

present the effective dielectric constants obtained in this way

for both membranes, together with the corresponding con-

stants of a continuous Au layer. As it can be observed, two

spectral regions are clearly distinguished: a high energy one,

between 2.2 and 5 eV, where the optical constants of mem-

branes and continuous films are very similar; and a low

energy one, between 0.7 and 2.2 eV, where the values of the

optical constants of the membranes are different from those

of the continuous Au film. In particular, the absolute value of

the real part of the dielectric constant, e1, is lower for the

membranes than for the continuous films, which is an indica-

tion of the lower metallic character of the membranes. The

value of the imaginary part, e2, on the contrary, is higher for

the membranes. Moreover, a feature around 1.5 eV, the same

spectral region where the additional broad minimum was

observed in the reflectance versus photon energy measure-

ments shown in Fig. 2, is clearly observed for the mem-

branes. This feature appears as a peak in the imaginary part

of the membranes dielectric constants, and as an s-like con-

tribution in the real part. In both real and imaginary parts,

the feature position appears red-shifted in the 30 nm mem-

brane with respect to the 45 nm one. It also red-shifts with

the decrease of the hole concentration, as it can be seen in

Fig. 4, where we present the effective optical constants of

45 nm thick membranes for two holes concentrations of 3

and 0.7 holes lm�2 (blue and red solid lines, respectively).

Therefore, both the energy range where this feature appears

as well as its dependence with the membrane thickness and

hole concentration strongly suggest that this structure is

related to a nanohole induced plasmon resonance similar to

the one observed in Refs. 12–18 by other groups.

From the values of the effective dielectric constants in

the spectral range 0.7–2.2 eV for different holes concentra-

tion shown in Fig. 4, we can see that the absolute value of

the real part increases as we decrease the hole concentration,

indicating a more metallic character. The value of the imagi-

nary part, on the other hand, decreases. This behavior can be

easily understood if we consider that in this spectral range

the main contribution to the optical properties of continuous

Au films comes from the conduction electrons, which can be

described using the Drude model as21

e xð Þ ¼ e1 �
x2

p

x2 þ iCx
; (1)

where xp is the plasma frequency (x2
p ¼ ne2

m�e0
, being n the

electron concentration, and m* the effective mass), C the

relaxation frequency of the electrons, and e1 takes into

account the interband transitions located at higher energy.

The black dotted lines shown in Fig. 4 correspond to the

dielectric constants obtained using Eq. (1) with wp¼ 8.6 eV,

C¼ 0.7 eV, and e1 ¼ 7:3, which reproduces very well the

experimental results for a continuous film represented by the

solid black curves. The contribution of the conduction elec-

trons for the membranes can also be modelled using this

approach. However, to take into account the contribution of

FIG. 1. Sketch of the Au membrane

fabrication process, and AFM image of

the final structure obtained.
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the hole-plasmon resonance localized transition, a Gaussian

functional form, f(w), must be introduced. So, the blue and

red dotted curves of Fig. 4 correspond to fits to the experi-

mental dielectric constants of the membranes with different

hole concentration (solid blue and red curves) using these

two Drude and localized transition contributions

e xð Þ ¼ e1 �
x2

p

x2 þ iCx
þ f xð Þ: (2)

As it can be observed, the frequency dependence of the

dielectric constants is well described by Eq. (2). The inset to

Fig. 4(a) depicts the dependence of wp
2 and C on the holes

concentration. As the hole concentration increases, wp
2

decreases and C increases. The decrease of wp
2 is related to

a reduction of the electron concentration, whereas the raise

of C is related to the decrease of the scattering time of the

electrons with the number of holes. Indeed, the decrease of

the electron concentration, n, as well as the increase in the

number of scattering centers are expected to be proportional

to the number of holes. This suggests, as a first approxima-

tion, linear dependencies of wp
2 and C with the holes den-

sity, as it can be seen in the graph. Finally, e1 is similar to

that of the continuous film for all the membranes, since its

origin is in higher frequency interband transitions, which are

not modified by the presence of holes. Regarding the local-

ized transition, f(w), which takes into account the nanohole

induced plasmon resonance, its intensity decreases and red-

shifts as we decrease the hole concentration.

Therefore, from the point of view of the effective dielec-

tric constants, the effect of the holes on the optical properties

of continuous Au films is twofold: on the one hand, they mod-

ify the contribution of the free electrons to the optical proper-

ties by changing the plasma frequency and the scattering

time, and on the other hand they introduce an additional

localized transition due to a hole induced plasmon resonance.

With the effective dielectric constants obtained by

ellipsometry, it is possible now to calculate the spectral de-

pendence of the reflectance of the different membranes and

continuous films as measured in Kretschmann configuration

and compare with the experimental results presented in

Fig. 2. The obtained results are shown in Fig. 5. Figure 5(a)

FIG. 2. Top sketch of the Kretschmann configuration measurement setup.

Reflectance versus photon energy curves measured in Kretschmann configu-

ration at incidence angles of 43� (black), 44� (red), and 45� (blue) for (a)

30 nm and (b) 45 nm thick layer structures. Solid lines correspond to mem-

brane structures and dashed lines to continuous film of identical thickness.

FIG. 3. Imaginary (a) and real parts (b) of the effective dielectric constants

determined from ellipsometry measurements for a 30 nm thick membrane

(black), 45 nm thick membrane (red), and continuous Au film (blue).
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shows a reflectivity map between 35� and 50� incidence

angles for the 45 nm thick membrane, while Figs. 5(b) and

5(c) present the reflectivity curves for 30 and 45 nm thick

structures for the same incidence angles used in the experi-

ments. As it can be seen, the agreement of the curves with

the experimental results presented in Fig. 2 is excellent, with

the two broad minima well reproduced. The reflectivity map

offers a clear insight of the meaning of these minima. The

portion of the map below the critical angle (incidence angles

smaller than 41�), where SPP excitation is not possible,

shows a non-dispersive minimum around 1.5 eV. This mini-

mum can then be associated with the localized transition due

to the holes. Above the critical angle, on the other hand, the

SPP can be excited and it can be observed an interaction

between the localized transition and the SPP mode,22–24

which gives rise to the two dispersive modes that have been

detected in the reflectivity curves.

Finally, in Figure 6(a) we present the SPP dispersion

curves for two 45 nm thick films. This dispersion curve was

calculated considering a system where a metallic layer was

embedded between two dielectric layers.25 The dielectric

constant of the metallic layer was determined from the fitting

of the ellipsometry measurement for the membrane (red line)

and gold continuous layer (black line), respectively. The SPP

dispersion curve of the layer with the optical constants of the

Au continuous film shows a monotonic increase of the fre-

quency with the wavevector, whereas the SPP dispersion

curve of the layer with the optical constants of the membrane

has now a s-like structure due to the hole-plasmon feature

(see inset of Figure 6(a) where we present the difference

between the two curves). Moreover, from the effective

dielectric constants the vertical decay of the SPP electromag-

netic field intensity in both air and metal can be also calcu-

lated. Figure 6(b) shows such decay constants for both

membrane and continuous Au film as a function of the fre-

quency. As it can be seen, in the spectral region where the

optical properties are modified by the presence of holes, the

FIG. 5. (a) Reflectance map in Kretschmann configuration for the 45 nm

thick membrane, plotted between 35� and 50� incidence angles. Reflectance

vs. photon energy curves calculated for 30 (a) and 45 nm (b) thick mem-

branes under identical conditions than experimental results shown in Fig. 2.

The effective dielectric constants determined from ellipsometry measure-

ments are used as input parameters for the calculations.

FIG. 4. Imaginary (a) and real parts (b) of the effective dielectric constants

determined from ellipsometry measurements for a 45 nm thick membrane

for different hole concentrations. Blue: 3 holes/lm2; red: 0.7 holes�lm�2;

black: 45 nm continuous film. Solid lines correspond to values determined

from ellipsometry measurements, while dashed lines correspond to fits

including a Drude term and a localized transition. The inset on the upper

panel shows the evolution of the relaxation frequency, C, (red) and the

plasma frequency, xp
2, (black) as a function of the hole concentration. The

red and black dotted lines are shown as a guide for the eyes.
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localization of the SPP modes changes: the extension of the

electromagnetic (EM) field in the air decreases, whereas the

extension in the metal increases. This behaviour corroborates

the interpretation of the two minima in the reflectance as due

to the interaction of the propagative plasmon modes of the

membrane and the hole induced plasmon mode.22–24 Due to

this interaction, both modes hybridize and as a consequence

their degree of localization changes. The EM field of the

hole plasmon mode is localized in the hole and, therefore,

the resulting modes are more localized in the equivalent

metal layer than those of the continuous film. Similar phe-

nomenology has been recently found in quasicontinuous

metallic monolayers by Yun et al.,26 where a progressive

change in the reflectivity spectra has been observed when

going from continuous metallic layers to isolated metallic

nanoparticles. In this work, also two minima in the reflectiv-

ity were observed in the intermediate case where the nano-

particles are strongly interacting, and they were interpreted

in terms of the hybridization of propagative plasmons and

localized plasmons due to the metallic nanoparticles. In our

case, the contribution of the metallic particles is substituted

by the insertion of holes in the metallic layer.

III. SUMMARY AND CONCLUSIONS

In conclusion, we have analysed the effect that holes

have on the propagative surface plasmon modes of

semitransparent nanoperforated Au films. We have shown

that holes modify the effective dielectric constant of Au films

by changing the free electron contribution and introducing a

new localized plasmon resonance. In the spectral region of

this resonance, the dispersion curve of the propagative sur-

face plasmon modes of the membranes is modified due to

interaction with this localized mode, and it becomes less

dispersive.
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