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Abstract: We show theoretically that a two-dimensional periodic array of metallic

nanocubes in close proximity to a metallic film acts as a metasurface with tunable

absorbance. The presence of a metallic film underneath the array of plasmonic nanocubes

leads to an impedance matched plasmonic metasurface enhancing up to 4 times the

absorbance of incident radiation, in the spectral region below 500 nm. The absorbance

spectrum is weakly dependent on the angle of incidence and state of polarization of incident

light a functionality which can find application in thermo-photovoltaics. Our calculations

are based on a hybrid layer-multiple-scattering (hLMS) method based on a discrete-dipole

approximation (DDA)/T-matrix point matching method.
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1. Introduction

Plasmonics is perhaps the most flourishing research area of optics in the recent decades as it offers

unprecedented control over light with nanometer precision in very small volumes. A plethora of

applications ranging from photovoltaics to optical integrated circuitry hold promise for revolutionizing

the way technology deals with light. Major contribution to the plasmonics discipline has been provided

by the nanotechnology advent which has made plausible the realization of miniaturized metallic

structures and devices able to interact with light via plasmon excitations. To this end, top-down

technologies and lithographic techniques have been employed for the realization of periodic plasmonic

nanostructures (plasmonic lattices) without geometrical and structural constrains. Another approach are

the so-called bottom-up approaches based on self-assembly technology allowing for the realization of
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periodic plasmonic nanostructures with the promise of lower cost, high throughput, and small sensitivity

to damage or fabrication errors [1]. The only restriction in the bottom-up techniques had been the shape

of repeating units (nanoparticles) which is mainly spherical or nearly spherical (spheroids, ellipsoids,

etc). Recently, new chemical approaches have made plausible the fabrication of particles with sharp

edges such as nanocubes [2–7]. The advantage of realizing particles with sharp edges is that when they

are brought very close together, (e.g., in a dimer of nanocubes) or in proximity to flat surfaces, space

gaps of a few nm may be feasible. Such nanosized gaps (nanogaps) have the functionality to localize

light within their volume boosting the local electric field by several orders of magnitude.

Another important functionality which has been recently introduced for metallic nanocubes is that of

tunable enhanced absorption [3]. Namely, a single nanocube in close proximity to a metallic film, i.e.,

a so-called film-coupled nanocube, can exhibit a much stronger absorption spectrum from an isolated

nanocube due to the excitation of effective magnetic-surface currents in the gap between the nanocube

and the film. The smaller the gap, the higher are these magnetic currents due to their proportionality to

the local electric field. These effective magnetic currents generate secondary EM waves (reflected waves)

which can exactly cancel the secondary EM waves (also reflected waves) emitted by the electric-surface

currents resulting in suppressed reflection [3]. And, as metals are lossy in the optical regime, an EM

wave which is not efficiently reflected at the surface, it is eventually absorbed by the metal. The EM

response of a metallic nanocube coupled to a metallic film resembles the response of grounded patch

antenna in the microwave regime, i.e., a metallic patch above a conducting plane.

So far, the theoretical study of such systems has been focused on the EM response of a single nanocube

coupled to a metallic substrate [3–7]. This is a fair treatment when the metallic film supports dilute

arrays of metallic nanotubes. However, when nanocubes approach each other, multiple scattering of

light among the nanocubes starts affecting the overall response rendering the single-nanocube approach

inadequate. Furthermore, a periodic array of nanocubes may possess additional functionalities if viewed

as a periodic metasurface [8]. In the present work, we study the optical response of periodic arrays of

nanocubes positioned over a metallic film wherein the gap between the periodic array and the substrate

is filled by a dielectric material. In particular, we study the conditions under which light absorbance is

enhanced and tuned by varying the geometrical parameters of the system and the angle of incidence.

2. Calculation Method

The system under study is depicted in Figure 1: periodic array of cubes placed atop a thin film

and a thicker substrate. Similar systems, i.e., periodic arrays of nanoparticles on top of metallic films/

substrates have been the focus of intensive studies [9–12]. Such systems, i.e., periodic arrays of spherical

scatterers atop films [13,14] are easily dealt with the layer-multiple scattering method. Namely, to model

such a structure we employ a hybrid layer-multiple-scattering (hLMS) method based on a discrete-dipole

approximation (DDA)/T-matrix point matching method [15]. The hLMS method is an extension of the

traditional LMS which is used for two- (2D) and three- (3D) dimensional arrays of spheres [16–18] and

axisymmetric scatterers [19]. Namely, the hLMS method treats scatterers of arbitrary shape, anisotropy

and inhomogeneity by calculating the scattering T-matrix of a single scatterer by a DDA/T-matrix

point-matching technique [15]. Having calculated the T-matrix, one proceeds similarly to the standard
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LMS method. Namely, the EM field within a given 2D lattice (plane) of spheres is obtained via the

multiple-scattering technique. In between a pair of two consecutive planes of spheres, the EM field is

written in a plane wave basis where the multiple-scattering between the planes is fully taken into account.

A slab of macroscopic thickness, i.e., containing up to several hundreds of planes of general scatterers,

can be easily built up via a doubling-layer process [16–18]. By imposing boundary conditions along

the growth direction of the crystal slab, one can also calculate the complex frequency band structure

[16–18].

D
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L

Figure 1. A square array of metallic nanocubes separated with a thin dielectric film from a

metallic substrate. The lattice constant of the square array is denoted by a, the edge of the

nanocubes by L, the thickness of the dielectric film by h and the thickness of the metallic

substrate by D.

3. Results and Discussion

The plasmonic design under study are depicted in Figure 1. The geometrical of as well as the material

parameters are taken from Ref. [3]. The dielectric function of gold and silver have been taken from

experiment [20]. Note that the experimental data of Ref. [3] are collected from dilute, random arrays

of nanocubes, and, as such, they were associated with the optical properties of a single film-coupled

nanocube. Therefore, direct comparison of our numerical results that follow with experiment is

not possible.

In Figure 2 we show the transmittance, reflectance and absorbance spectra for light incident normally

on a square array (of lattice constant a = 350 nm) of silver nanocubes with edge L = 70 nm, separated by

a 8 nm polyelectrolyte (ǫ = 2.37) spacer from a 50 nm thick gold substrate. Evidently, the system is very

opaque as the corresponding transmittance does not exceed 10% in the depicted spectral region. There

is a cross-over region at about 530 nm above which light absorption decreases and strong reflectance

sets out. The high-frequency peaks at λ = 380 nm and 400 nm originate from the surface plasmon

(SP) modes of the single nanocube which interact with the corresponding modes of their neighbouring

nanocubes resulting in a SP absorption band [21]. On the other hand, the small absorption peak at about

680 nm stems from a waveguide cavity mode [4] wherein the cavity is formed by the space between the

nanocube and the underlying metallic substrate. These cavity modes are leaky modes and can, therefore,

couple to externally incident light giving rise to the observed peak in the absorbance and reflectance

spectra of Figure 2.
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Figure 2. Transmittance, reflectance and absorbance of light incident normally on a square

array (of lattice constant a = 350 nm) of silver nanocubes with edge L = 70 nm, separated

by a 8 nm polyelectrolyte (ǫ = 2.37) spacer from a 50 nm thick gold substrate (see Figure 1).
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Figure 3. Absorbance of normally incident light on the array of nanocubes described in

Figure 2 with or without a metallic substrate. The substrate is 50 nm thick and is either gold

or silver. The inset shows the absorption cross section for light incident normally on a single

nanocube.

The fact that the short-wavelength peaks of the absorbance spectrum of Figure 2 are particle-like

SP nature while the smaller low-frequency (long wavelength) peak are of cavity-like SP origin, is

clearly understood from Figure 3. Namely, Figure 3 shows the absorbance spectra for light incident

normally on the array of nanocubes of Figure 2 for gold/ silver substrate or in the absence of a metallic

substrate. Evidently, the long-wavelength absorbance peak at 680 nm is not present for a square lattice

of nanocubes alone (without the substrate) suggesting the cavity-like nature of the corresponding mode.

The short-wavelength peaks exist in all cases (single nanocube, arrays of nanocubes with or without the

metallic substrate) implying that they originate from the interaction of particle-like modes of the single

nanocube. However, the amount of absorption corresponding to the arrays with the metallic substrate

(gold or silver) is much higher than for the array of nanocubes alone (without the substrate). This is the

effect of magnetic-current generation in the space between a cube and the substrate which matches the

impedance of the structure with that of vacuum leading to enhanced light transmission and subsequently
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enhanced absorption [3]. For example, the presence of gold substrate increases the height absorption

peak of the single nanocube array at 377 nm by more than 4 times. Both gold and silver substrates

increase the overall absorption of the nanocube array (up to 500 nm) but the gold substrate provides

a much broader absorbance spectrum than the silver one. Lastly, there is an absorption peak at about

735 nm in the cross section of a single silver nanocube (inset of Figure 3) as well as in the absorbance

spectrum of the array without the substrate suggesting that the corresponding mode is highly localized

at the nanocube. However, this peak vanishes in the presence of the substrate as it submerges within the

background absorption of the metallic substrate.

400 500 600 700
0

20

40

60

80

 

 

A
n

g
le

 o
f 

in
ci

d
en

ce
 (

d
eg

)

Wavelength (nm)

0

0.1667

0.3333

0.5000

0.6667

0.8333

1.000

S

400 500 600 700
0

20

40

60

80 P

A
n

g
le

 o
f 

in
ci

d
en

ce
 (

d
eg

)

Wavelength (nm)

 

 

0

0.1667

0.3333

0.5000

0.6667

0.8333

1.000

Figure 4. Absorbance vs angle of incident for s- (left panel) and p-polarized (right panel)

light incident on the square array of nanocubes of Figure 2 atop an 8 nm polyelectrolyte film

and 50 nm gold substrate.

The spectra studied so far are for normally incident light. In Figures 4 and 5 we explore the

dependence of the absorbance spectra on the angle of incidence and state of polarization of the incident

light. Evidently, for both types of substrate materials, the absorbance spectra do not differ much on

the polarization of incident light apart from some additional peak structure which emerges for high

angles and p-polarized incident light. This in accordance with the increased scattering spectrum for a

single nanocube on a substrate for p-polarized light evidenced in [4]. The peak at 680 nm observed

in Figure 3 corresponding to a cavity-like mode wherein light is confined between the nanocube and

the metallic substrate, shows some considerable angular dispersion (see Figures 4 and 5) due to the

interaction of these cavity-like modes with their counterparts in neighboring nanocubes. We also observe

an almost linear dependence of the position of several absorption peaks on the angle of incidence, for

both polarizations and Figures 4 and 5. These peaks stem from the slab modes of the single metallic

substrate. Namely, for a single metallic substrate, these slab modes decay exponentially away from the

surfaces of the substrate and, hence, do not couple with incident light. However, in the presence of the

periodic array of nanocubes, these modes become leaky by the underlying periodicity (Umklapp process)

of the nanocube array manifesting themselves as absorbance peaks in the corresponding spectrum. The

above trends are observed for both types of substrate materials although for the silver substrate there

exists an additional peak at about 470 nm and for angles of incidence around 50
◦.
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Figure 5. The same as Figure 4, but for a silver substrate.

In Figure 6 we study the role of the dielectric spacer in the absorbance spectra. The short-wavelength

peaks which are present irrespective of the presence of a metallic substrate are, as expected, less

influenced by the thickness of the dielectric spacer than the cavity-like peaks at longer wavelengths.

Moreover, the height of the cavity-like peaks increases with increasing spacer thickness due to more

efficient coupling of incoming radiation with the cavity modes.
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Figure 6. Absorbance of normally incident light on the array of nanocubes described

in Figure 2 separated from a 50 nm gold substrate by a polyelectrolyte film for different

thicknesses, i.e., h = 5, 8, 11, 14 nm.

Next, in Figure 7 we show the absorbance spectra for arrays of 70 nm nanocubes on gold substrate,

for different lattice constants. We observe that as the lattice constant decreases and the interaction of the

SP modes of neighbouring nanocubes increases, the absorbance peaks shift to longer wavelengths (red

shift) and become much wider, as expected. However, additional peak structure emerges with decreasing

lattice constant attributed primarily to the higher-multipole SP excitations at the nanocubes [21]. The

long-wavelength (cavity-like) SP peak above 700 nm increases dramatically with the reduction of the

lattice constant as the cavity modes underneath each nanocube interact more strongly with each other.

Most notably, th peak structure slightly above 600 nm is drastically enhanced by the interaction between

the nanocubes leading to prominent absorption peak not evidenced for large lattice constants.
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Figure 7. Absorbance of light incident normally on a square array of silver nanocubes

with edge L = 70 nm, separated by a 8 nm polyelectrolyte (ǫ = 2.37) spacer

from a 50 nm thick gold substrate (see Figure 1), for different lattice constants, i.e.,

a = 150, 200, 250, 300, 350 nm.

Finally, in Figure 8 we vary the thickness of the gold substrate. Evidently, as we increase the thickness

of the substrate we do not observe a dramatic increase in the total absorbance; actually, there is practically

no difference between the absorbance spectra for D = 100 nm and 200 nm as absorbance saturates above

a certain value of the thickness.
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Figure 8. Absorbance of light incident normally on the square array of silver nanocubes

Figure 3 with edge L = 70 nm, separated by a 8 nm polyelectrolyte (ǫ = 2.37) spacer from

a gold substrate (see Figure 1), for different substrate thicknesses, D = 50, 100, 200 nm.

4. Conclusions

By employing rigorous electrodynamic multiple-scattering calculations, we show that

two-dimensional periodic arrays of silver nanocubes coupled to a metallic substrate exhibit strong

absorption spectra due to the impedance matching offered by the narrow space gap between the

nanocubes and the metallic film. The absorbance spectra are weakly dependent on the angle of

incidence and polarization of incident light and moderately dependent on the material (gold or silver)
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of the metallic substrate. The long-wavelength part of the absorbance spectra depends strongly on the

thickness of the spacer between the nanocubes and the metallic substrate highlighting the tunability

of the absorbance spectrum. As the arrays of nanocubes becomes denser, additional structure in

the absorbance emerges as a result of the stronger interaction of the surface-plasmon modes of the

nanocubes. The results presented here are not material specific and can be equally applied to plasmonic

designs of different material types such as refractory plasmonic materials (TiN) [22] even to purely

dielectric materials (Si) [23] wherein light absorption can be greatly enhanced via efficient impedance

matching offered by the presence of a reflecting substrate which might be a metal (as here) or an

all-dielectric Bragg multilayer.

References

1. Mühlig, S.; Cunningham, A.; Dintinger, J.; Scharf, T.; Bürgi, T. Lederer, F.; Rockstuhl, C.

Self-assembled plasmonic metamaterials. Nanophotonics 2013, 2, 211–240.

2. Henzie, J.; Grünwald, M.; Widmer-Cooper, A.; Geissler, P.L.; Yang, P. Self-assembly of uniform

polyhedral silver nanocrystals into densest packings and exotic superlattices. Nat. Mater. 2011, 11,

131–137.

3. Moreau, A.; Ciracì, C.; Mock, J.J.; Hill, R.T.; Wang, Q.; Wiley, B.J.; Chilkoti, A.; Smith, D.R.

Controlled-reflectance surfaces with film-coupled colloidal nanoantennas. Nature (London) 2012,

492, 86–90.

4. Lassiter, J.B.; McGuire, F. Mock, J.J. Ciracì, C.; Hill, R.T.; Wiley, B.J.; Chilkoti, A.; Smith, D.R.

Plasmonic Waveguide Modes of Film-Coupled Metallic Nanocubes. Nano Lett. 2013, 13,

5866–5872.

5. Rose, A.; Hoang, T.B.; McGuire, F.; Mock, J.J.; Ciracì, C.; Smith, D.R.; Mikkelsen, M.H.

Control of radiative processes using tunable plasmonic nanopatch antennas. Nano Lett. 2014,

14, 4797–4802.

6. Akselrod, G.M.; Argyropoulos, C.; Hoang, T.B.; Ciracì, C.; Fang, C.; Huang, J.; Smith, D.R.;

Mikkelsen, M.H. Probing the mechanisms of large Purcell enhancement in plasmonic

nanoantennas. Nat. Phot. 2014, 8, 835–840.

7. Argyropoulos, C.; Ciracì, C.; Smith, D.R. Enhanced optical bistability with film-coupled plasmonic

nanocubes. Appl. Phys. Lett. 2014, 104, 063108.

8. Yu, N.; Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 2014, 13, 139–150.

9. Liu, Z.Q.; Liu, G.Q.; Liu, X.S.; Huang, K.; Chen, Y.H.; Hu, Y.; Fu, G.L. Tunable plasmon-induced

transparency of double continuous metal films sandwiched with a plasmonic array. Plasmonics

2013, 8, 1285–1292.

10. Zhang, X.N.; Liu, G.Q.; Liu, Z.Q.; Chen, Y.H.; Hu, Y.; Cai, Z.J., Huang, K.; Yan, A.; Liu, X.S.

Broadband enhanced transmission in a film-array plasmonic structure through the plasmon

coupling effects. Opt. Commun. 2014, 315, 47–54.

11. Chang, Y.; Jiang, Y.Y. Highly sensitive plasmonic sensor based on Fano resonance from silver

nanoparticle heterodimer array on a thin silver film. Plasmonics 2014, 9, 499–505.



Photonics 2015, 2 278

12. Yun, H.; Lee, S.Y.; Kim, K.Y.; Lee, I.M.; Lee, B. Hybrid states of propagating and localized

surface plasmons at silver core/silica shell nanocubes on a thin silver layer. Opt. Express 2014, 22,

8383–8395.

13. Papanikolaou, N. Optical properties of metallic nanoparticle arrays on a thin metallic film.

Phys. Rev. B 2007, 75, 235426.

14. Chang, Y.; Jiang, Y. Multiple surface plasmon polaritons modes on thin silver film controlled by a

two-dimensional lattice of silver nanodimers. J. Nanopart. Res. 2015, 17, 5.

15. Yannopapas, V. Layer-multiple-scattering method for photonic structures of general scatterers

based on a discrete-dipole approximation/T-matrix point-matching method. J. Opt. Soc. Am. B

2014, 31, 631–636.

16. Stefanou, N.; Karathanos, V.; Modinos, A. Scattering of electromagnetic waves by periodic

structures. J. Phys.: Condens. Matter 1992, 4, 7389–7400.

17. Stefanou, N.; Yannopapas, V.; Modinos, A. Heterostructures of photonic crystals: Frequency bands

and transmission coefficients. Comput. Phys. Commun. 1998, 113, 49–77.

18. Stefanou, N.; Yannopapas, V.; Modinos, A. MULTEM 2: A new version of the program for

transmission and band-structure calculations of photonic crystals. Comput. Phys. Commun. 2000,

132, 189–196.

19. Gantzounis, G.; Stefanou, N.; Papanikolaou, N. Optical properties of periodic structures of metallic

nanodisks. Phys. Rev. B 2008, 77, 035101.

20. Johnson, R.B.; Christy, R.W. Optical constants of the noble metals. Phys. Rev. B 1972, 6, 4370.

21. Yannopapas, V.; Modinos, A.; Stefanou, N. Optical properties of metallodielectric photonic

crystals. Phys. Rev. B 1999, 60, 5359–5365.

22. Guler, U.; Shalaev, V.M.; Boltasseva, A.; Nanoparticle plasmonics: Going practical with transition

metal nitrides. Mater Today 2014, doi:10.1016/j.mattod.2014.10.039.

23. Almpanis, E.; Papanikolaou, N. Designing photonic structures of nanosphere arrays on reflectors

for total absorption. J. Appl. Phys 2013, 114, 083106.

c© 2015 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).


	Introduction
	Calculation Method
	Results and Discussion
	Conclusions

