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1. SUPPORTING FIGURES

Figure S1.1.  calculated from the Mie theory, Kuwata model and Rayleigh approximation for 𝑄𝑒𝑥𝑡

spherical Ag NPs, with different diameters: 20, 50, 80, 100 nm. The resonance peaks obtained by 

Rayleigh approximation for the 100, 80 and 50 nm reach an efficiency of ~232.7, ~109.8, and 

~30.9, respectively.
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Figure S1.2.  (a-c) and  (d-f) spectra for 50 nm Ag NP dimers, for different gaps and 𝑄𝑎𝑏𝑠 𝑄𝑠𝑐𝑎

geometries of incidence, obtained from DDA (solid lines) and FEM (dotted lines) calculations. (a, 

d)  ∥ to the alignment axis, (b, e)  and  ⊥ to the alignment axis, and (c, f)  ⊥ and  ∥ to the 𝐸0 𝐸0 𝑘 𝐸0 𝑘

alignment axis.  and  for an isolated NP are also represented.𝑄𝑎𝑏𝑠 𝑄𝑠𝑐𝑎
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Figure S1.3.  (a, b) and  (c, d) spectra of 50 nm Ag NP dimers for different gaps, 𝑄𝑁𝐹,𝑚 𝑄𝑁𝐹,𝑚𝑎𝑥

obtained from DDA (solid lines) and FEM (dotted lines) calculations. (a, c)  ∥ to the alignment 𝐸0

axis, and (b, d)  and  ⊥ to the alignment axis.  spectra obtained from FEM is not 𝐸0 𝑘 𝑄𝑁𝐹,𝑚𝑎𝑥

represented, due to the field oscillations on the NP surface in numerical calculations.
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Figure S1.4. Electric field distributions for a 50 nm spherical Ag NP, for 364 nm light, calculated 

by (a) the single dipole DDA model, and (b) FEM numerical simulation.
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Figure S1.5. Electric field distributions of 50 nm Ag NP dimers, for  = 150 nm (a, e), 100 nm (b, 𝑙

f), 50 nm (c, g), and 10 nm (d, h), at the  peak wavelength, calculated from the single dipole 𝑄�̅�𝐹

DDA method. Geometries of incidence: (a-d)  ∥ to the alignment axis, and (e-h)  and  ⊥ to 𝐸0 𝐸0 𝑘

the alignment axis.
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Figure S1.6. Electric field distributions of 50 nm Ag NP dimers, for  = 150 nm (a, f), 100 nm (b, 𝑙

g), 50 nm (c, h), 20 nm (d, i) and 10 nm (e, j), at the  peak wavelength, obtained from FEM. 𝑄�̅�𝐹

Geometries of incidence: (a-e)  ∥ to the alignment axis, and (f-j)  and  ⊥ to the alignment 𝐸0 𝐸0 𝑘

axis.
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Figure S1.7. (a-c)  and (d-f)  spectra for a 50 nm Ag NP close to a GaN substrate, for 𝑄𝑒𝑥𝑡 𝑄𝑠𝑐𝑎

different gaps and geometries of incidence, obtained from our DDA method (solid lines), and IDM 

(dashed lines). (a, d)  ⊥ to the substrate surface, (b, e)  ⊥ and  ∥ to the substrate, and (c, f)  ∥ 𝑘 𝐸0 𝑘 𝐸0

and  ∥ to the substrate.𝑘
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Figure S1.8. Electric field distributions of a 50 nm Ag NP close to a GaN substrate, at the  𝑄�̅�𝐹

peak wavelength, for two gaps: 10 nm (a, c, e, g, i, k) and 2.5 nm (b, d, f, h, j, l), calculated from 

our DDA method (a, b, e, f, i, j) and FEM (c, d, g, h, k, l). Geometries of incidence: (a-d)  ⊥ to 𝑘

the substrate surface, (e-h)  ⊥ and  ∥ to the substrate, and (i-l)  ∥ and  ∥ to the substrate.𝐸0 𝑘 𝐸0 𝑘
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Figure S1.9.  spectra for a 20 nm (a-c) and 80 nm (d-f) Ag NP close to a GaN substrate, for 𝑄𝑎𝑏𝑠

different gaps and geometries of incidence, obtained from our DDA method (solid lines), IDM 

(dashed lines) and FEM (dotted lines). (a, d)  ⊥ to the substrate surface, (b, e)  ⊥ and  ∥ to the 𝑘 𝐸0 𝑘

substrate, and (c, f)  ∥ and  ∥ to the substrate.𝐸0 𝑘
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Figure S1.10. (a-d)  and (e-h)  spectra for (a, c, e, g) square and (b, d, f, h) random arrays 𝑄𝑎𝑏𝑠 𝑄𝑠𝑐𝑎

of 100 Ag NPs of 50 nm close to a GaN substrate ((a, b, e, f) 0 nm gap, and (c, d, g, h) 5 nm gap), 

and without the substrate effect, for different interparticle gaps and surface densities. Geometries 

of incidence: (a, b, e, f)  ⊥ to the substrate surface, and (c, d, g, h)  ⊥ to the substrate.𝑘 𝐸0
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2. RAYLEIGH APPROXIMATION

The quasistatic approximation permits the study of the optical properties of small NPs compared 

to the wavelength of the incident light. Let us consider an isotropic sphere of radius , with a 𝑟𝑝

complex permittivity , embedded in a medium with a real permittivity , in which there is a �̃�𝑚 𝜀

uniform electrostatic field  in the  direction, i.e., .𝐸0 𝑧 𝐸0 = 𝐸0�̂�

The resulting electric fields inside, , and outside, , the sphere can be obtained through the 𝐸𝑖𝑛 𝐸𝑜𝑢𝑡

electrical potentials inside and outside,  and , respectively, through . On the other Φ𝑖𝑛 Φ𝑜𝑢𝑡 𝐸 =‒ ∇Φ

hand, the electrical potentials can be calculated by solving the Laplace’s equation:  = 0. The ∇2Φ

general solution of this equation in spherical coordinates is given by:1

Φ(𝑟,𝜃,𝜙) =
∞

∑
𝑙 = 0

𝑙

∑
𝑚 =‒ 𝑙

𝑅𝑙𝑚(𝑟) 𝑌𝑙𝑚(𝜃,𝜙) =
∞

∑
𝑙 = 0

𝑙

∑
𝑚 =‒ 𝑙

[𝐴𝑙𝑚𝑟𝑙 + 𝐵𝑙𝑚𝑟 ‒ (𝑙 + 1)] 𝑌𝑙𝑚(𝜃,𝜙) (S1)

where it is possible to distinguish a radial component, , and an angular 𝑅𝑙𝑚(𝑟) = 𝐴𝑙𝑚𝑟𝑙 + 𝐵𝑙𝑚𝑟 ‒ (𝑙 + 1)

component associated with the spherical harmonics, , where  is a 𝑌𝑙𝑚(𝜃,𝜙) = 𝑁exp (𝑖𝑚𝜙)𝑃𝑚
𝑙 (cos 𝜃) 𝑁

normalization constant and  are the associated Legendre functions of the first kind of 𝑃𝑚
𝑙 (cos 𝜃)

degree  and order . The parameters  and  are integers, such that  and . The 𝑙 𝑚 𝑙 𝑚 𝑙 ≥ 0 |𝑚| ≤ 𝑙

coefficients  and  are determined by the boundary conditions of the problem.𝐴𝑙𝑚 𝐵𝑙𝑚

In the quasistatic approximation, we are interested in the dipolar solution of the problem, that 

occurs for  and   . In this case, the spherical harmonic is given by:1 . 𝑙 = 1 𝑚 = 0 𝑌10 = (3/4𝜋)1 2cos 𝜃

Thus, the electrical potentials inside and outside the sphere are of the form:

Φ(𝑟,𝜃,𝜙) = (𝐴𝑟 +
𝐵

𝑟2)cos 𝜃 (S2)

with  and . For , the coefficient , so that the potential remains 𝐴 = (3/4𝜋)1 2𝐴10 𝐵 = 3/4𝜋𝐵10 Φ𝑖𝑛 𝐵 = 0

finite for .𝑟 = 0

In this problem, the potential must satisfy the following boundary conditions for the continuity 

of the potential and the normal component of the electric displacement at the boundary:2

Φ𝑖𝑛(𝑟 = 𝑟𝑝) = Φ𝑜𝑢𝑡(𝑟 = 𝑟𝑝);       �̃�𝑚

∂Φ𝑖𝑛(𝑟 = 𝑟𝑝)

∂𝑟
= 𝜀

∂Φ𝑜𝑢𝑡(𝑟 = 𝑟𝑝)

∂𝑟
(S3)

In addition to these conditions, it must still be defined that:2

lim
𝑟→∞

Φ𝑜𝑢𝑡 =‒ 𝐸0𝑧 =‒ 𝐸0𝑟cos 𝜃 (S4)
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so that, at great distances from the sphere, the electric field is given by . Through these 𝐸0

conditions, the following electrical potentials are obtained inside and outside the sphere:

Φ𝑖𝑛 =‒
3𝜀

�̃�𝑚 + 2𝜀
𝐸0𝑟cos 𝜃 (S5)

Φ𝑜𝑢𝑡 =‒ 𝐸0𝑟cos 𝜃 + 𝑟𝑝
3

�̃�𝑚 ‒ 𝜀

�̃�𝑚 + 2𝜀

𝐸0cos 𝜃

𝑟2

(S6)

Two charges  with opposite signs, separated by , as shown in Fig. S2.1, give rise to an electric 𝑞 𝑑

dipole, with an electric dipole moment . The potential due to the electric dipole, at an 𝑝 = 𝑝�̂� = 𝑞𝑑�̂�

observation point P at a certain distance r, is given by:

Φ =
1

4𝜋𝜀[ 𝑞
𝑟 +

‒
𝑞

𝑟 ‒
] =

𝑞
4𝜋𝜀

𝑟 ‒ ‒ 𝑟 +

𝑟 ‒ 𝑟 +
   

𝑟 ≫ 𝑑
≈   

𝑞
4𝜋𝜀

𝑑cos 𝜃

𝑟2
=

𝑝cos 𝜃

4𝜋𝜀𝑟2 (S7)

where  and  correspond to the distances between the point  and the charges  and , 𝑟 + 𝑟 ‒ 𝑃 𝑞 ˗𝑞

respectively.

Figure S2.1. Schematic of an electric dipole.

Returning to the spherical particle problem, the potential in the outer region, given by eqn (S6), 

consists of a first term associated with the incident field and a second term associated with the 

generated electrical dipole. Comparing this second term with eqn (S7), the electric dipole moment 

is obtained:

𝑝 = 4𝜋𝜀𝑟𝑝
3

�̃�𝑚 ‒ 𝜀

�̃�𝑚 + 2𝜀
𝐸0 = 𝜀𝛼𝐸0 (S8)

where

𝛼 = 4𝜋𝑟𝑝
3

�̃�𝑚 ‒ 𝜀

�̃�𝑚 + 2𝜀
(S9)

where  is the polarizability of the sphere2 in the medium of permittivity .𝛼 𝜀
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The resulting electric fields inside and outside the sphere, through eqn (S5), (S6), (S8) and (S9), 

are given by:

𝐸𝑖𝑛 = ‒ ∇Φ𝑖𝑛 =
3𝜀

�̃�𝑚 + 2𝜀
𝐸0�̂� (S10)

        𝐸𝑜𝑢𝑡 = ‒ ∇Φ𝑜𝑢𝑡

                 = (3𝛼
4𝜋

𝐸0𝑥𝑧𝑟 ‒ 5)�̂� + (3𝛼
4𝜋

𝐸0𝑦𝑧𝑟 ‒ 5)�̂� + (𝐸0 +
𝛼

4𝜋
𝐸0[3𝑧2𝑟 ‒ 5 ‒ 𝑟 ‒ 3])�̂�

                 = 𝐸0 +
3(𝑝 ∙ 𝑟)𝑟 ‒ 𝑝𝑟2

4𝜋𝜀𝑟5

(S11)

where .𝑟 = 𝑟�̂� = 𝑥�̂� + 𝑦�̂� + 𝑧�̂�

3. KUWATA POLARIZABILITY

The quasistatic approximation is generally valid only for NPs up to a maximum diameter of 

~20 nm. However, Kuwata et al.3 proposed an empirical formula for the polarizability of an 

ellipsoid, which is valid for NPs with a maximum dimension up to ~80 nm:

𝛼 =
𝑉

( 𝜀
�̃�𝑚 ‒ 𝜀

+ 𝐿) + 𝐴𝑥2 + 𝐵𝑥4 ‒ 𝑖
4𝜋2

3
𝑉

𝜆3

 
(S12)

where  is the ellipsoid volume,  is a geometric factor related with the morphology of the particle 𝑉 𝐿

(for the particular case of the sphere, ),  is the size parameter, where  is the 𝐿 = 1 3 𝑥 = 𝑘𝑟𝑝 𝑘

wavevector modulus in the surrounding medium;  is the wavelength of light in the surrounding 𝜆

medium; and  and  are constants that were obtained by Kuwata et al. from the data obtained 𝐴 𝐵

through numerical simulations for prolate ellipsoids. These constants are independent of the 

material, depending only on the geometric factor : A( ) = −0.4865  −1.046 2 + 0.8481 3, and B(𝐿 𝐿 𝐿 𝐿 𝐿

) = 0.01909  + 0.1999 2 + 0.6077 3. In this model, the extinction cross section is calculated 𝐿 𝐿 𝐿 𝐿

through the absorption cross section equation in the quasistatic approximation (in fact, in the 

quasistatic approximation, ).𝜎𝑒𝑥𝑡≅𝜎𝑎𝑏𝑠

4. EFFECT OF A FLAT SUBSTRATE IN THE VICINITY OF A NP

To study the interaction effect of a spherical NP with a substrate, let us consider again the 

quasistatic approximation, and a sphere of radius  with a complex permittivity , in a medium 𝑟𝑝 �̃�𝑚
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with a real permittivity , with the centre at a distance  from the surface of a substrate with a 𝜀 𝑑

complex permittivity . The charges generated on the substrate surface will change the �̃�𝑠

polarizability of the sphere and, consequently, the resulting electric field applied to the sphere.

To study this problem, the image charge method is the simplest approach, usually used to obtain 

the electrical potential of a charge close to a substrate.1,4 In the quasistatic approximation, the 

sphere can be represented by a dipole moment , located in the center of the sphere (origin 𝑝 = 𝜀𝛼𝐸𝑒𝑓

of the referential), where  is the polarizability of the sphere and  corresponds to the effective 𝛼 𝐸𝑒𝑓

electric field that will act on the sphere, which is given by the incident electric field  plus a term 𝐸0

associated with the influence of the substrate. In this model, the charges induced on the substrate 

surface can be represented by a new dipole moment , which corresponds to the image of the 𝑝'

dipole moment  inside the substrate, as shown in Fig. S4.1.𝑝

Figure S4.1. Image method applied to a sphere in the vicinity of a substrate.

Two different cases will be analysed: the case in which  is perpendicular to the substrate 𝐸0

surface, and the case in which it is parallel. In both cases, we will assume that the incident wave 

propagates only in the medium in which the particle is found.

Let us start by assuming that it is applied a uniform electrostatic field perpendicular to the surface 

of the substrate, in the  direction, i.e, . In this case, the dipolar component of the electrical 𝑧 𝐸0 = 𝐸0�̂�

potential in the region  (with permittivity ), , in the image method, is given by:𝑧 > ‒ 𝑑 𝜀 Φ ⊥ 𝑚

Φ ⊥ 𝑚 =
1

4𝜋𝜀(𝑝cos 𝜃

𝑟2
+

𝑝2cos 𝜗

𝑟'2 ) =
1

4𝜋𝜀(𝑝𝑧

𝑟3
+

𝑝'(𝑧 + 2𝑑)

𝑟'3 ) (S13)

where  corresponds to the distance between the dipole  and an observation point ,  corresponds 𝑟 𝑝 𝑃 𝑟'

to the distance between the dipole  and ,  and  correspond to the angles between the  axis 𝑝' 𝑃 𝜃 𝜗 𝑧
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and the vector position  and , respectively. The first term of eqn (S13) is related to the dipole 𝑟 𝑟'

moment  induced in the sphere by  and the second term with the dipole moment  induced in 𝑝 𝐸𝑒𝑓 𝑝'

the substrate.

The electrical potential in the substrate region (  ), for an incident field perpendicular to the 𝑧 <‒ 𝑑

substrate, , should not have any singularity, since the “real” dipole (associated with the NP) is Φ ⊥ 𝑠

defined only in the region . Thus, the simplest hypothesis is to consider that  is given 𝑧 > ‒ 𝑑 Φ ⊥ 𝑠

by the potential of a dipole, with a dipole moment , positioned in the same position as  (at 𝑝'' 𝑝

 = 0):𝑧

Φ ⊥ 𝑠 =
1

4𝜋�̃�𝑠

𝑝''cos 𝜃

𝑟2
=

1
4𝜋�̃�𝑠

𝑝''𝑧

𝑟3 (S14)

For an incident field parallel to the substrate surface, in the  direction, i.e., , the field 𝑥 𝐸0 = 𝐸0�̂�

can propagate parallel ( ) or perpendicularly ( ) to the substrate surface. For now, let us just �̂� �̂�

consider the case where the field propagates parallel ( ) to the substrate surface, because otherwise �̂�

we would have to consider the reflected wave on the substrate surface. The electrical potentials for 

the dipolar component in the regions  ( ) and  ( ), for an incident field parallel 𝑧 > ‒ 𝑑 Φ ∥ 𝑚 𝑧 <‒ 𝑑 Φ ∥ 𝑠

to the substrate, are given by:

Φ ∥ 𝑚 =
1

4𝜋𝜀(𝑝𝑥

𝑟3
+

𝑝'𝑥

𝑟'3 );        Φ ∥ 𝑠 =
1

4𝜋�̃�𝑠

𝑝''𝑥

𝑟3 (S15)

The boundary conditions between the mediums with permittivities  and  come:𝜀 �̃�𝑠

Φ𝑠(𝑧 =‒ 𝑑) = Φ𝑚(𝑧 =‒ 𝑑);         �̃�𝑠

∂Φ𝑠(𝑧 =‒ 𝑑)

∂𝑧
= 𝜀

∂Φ𝑚(𝑧 =‒ 𝑑)

∂𝑧
(S16)

where  can indicate  or  and  can indicate  or . The conditions are applied Φ𝑠 Φ ⊥ 𝑠 Φ ∥ 𝑠 Φ𝑚 Φ ⊥ 𝑚 Φ ∥ 𝑚

only to the dipolar component of the electrical potentials, since it is assumed that the incident field 

is defined only in the region . Applying the conditions (S16), the following relations 𝑧 > ‒ 𝑑

between the dipole moments are obtained:

𝑝'' = 𝑝 + 𝛾𝑝' (S17)

𝑝' = 𝛾𝑝
�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀
(S18)

where  can take two different values depending on the direction of polarization of the incident 𝛾

field:  = 1 for a polarization perpendicular to the substrate surface or  = ˗1 for a polarization 𝛾 𝛾

parallel to the substrate surface.
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The electrical potentials can be rewritten through eqn (S17) and (S18), being:

Φ ⊥ 𝑚 =
𝑝

4𝜋𝜀( 𝑧

𝑟3
+

�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀
𝑧 + 2𝑑

𝑟'3 );       Φ ⊥ 𝑠 =
𝑝𝑧

4𝜋�̃�𝑠𝑟3(1 +
�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀) (S19)

Φ ∥ 𝑚 =
𝑝

4𝜋𝜀( 𝑥

𝑟3
‒

�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀
𝑥

𝑟'3);       Φ ∥ 𝑠 =
𝑝𝑥

4𝜋�̃�𝑠𝑟3(1 +
�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀) (S20)

The electric fields associated with the dipolar component for , , and for , , from 𝑧 > ‒ 𝑑 𝐸𝑚 𝑧 <‒ 𝑑 𝐸𝑠

eqn (S19) and (S20), are given by:

𝐸𝑚 = ‒ ∇Φ𝑚 =
3(𝑝 ∙ 𝑟)𝑟 ‒ 𝑝𝑟2

4𝜋𝜀𝑟5
+ 𝛾

�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀
3(𝑝 ∙ 𝑟')𝑟' ‒ 𝑝𝑟'2

4𝜋𝜀𝑟'5
(S21)

𝐸𝑠 = ‒ ∇Φ𝑠 =
3(𝑝 ∙ 𝑟)𝑟 ‒ 𝑝𝑟2

4𝜋�̃�𝑠𝑟5 (1 +
�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀) (S22)

where .𝑟' = 𝑥�̂� + 𝑦�̂� + (𝑧 + 2𝑑)�̂�

At this point, it is possible to calculate the effective electric field, , that will act on the sphere 𝐸𝑒𝑓

giving rise to the dipole , which, as already mentioned, corresponds to the sum of  and the 𝑝 𝐸0

electric field generated by the dipole moment  at the dipole  position, at (0, 0, 0). This last 𝑝' 𝑝

component of the electric field can be calculated from the second term of the last expression of 

eqn (S21), for (0, 0, 0). Thus,  is given by:𝐸𝑒𝑓

𝐸𝑒𝑓 = 𝐸0 +
𝑝

𝐶𝜋𝜀𝑑3

�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀
 (S23)

where C is a constant that depends on the direction of polarization of the incident field:  = 16 for 𝐶

a polarization perpendicular to the substrate surface, or  = 32 for a polarization parallel to the 𝐶

substrate surface.

As , eqn (S23) can be rewritten as:𝑝 = 𝜀𝛼𝐸𝑒𝑓

𝐸𝑒𝑓 = 𝐸0(1 ‒
𝛼

𝐶𝜋𝑑3

�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀) ‒ 1 (S24)

which allows to obtain the effective polarizability of the sphere, , assuming that the dipole 𝛼𝑒𝑓

moment  can be written as :𝑝 𝑝 = 𝜀𝛼𝑒𝑓𝐸0

𝛼𝑒𝑓 = 𝛼(1 ‒
𝛼

𝐶𝜋𝑑3

�̃�𝑠 ‒ 𝜀

�̃�𝑠 + 𝜀) ‒ 1 (S25)
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This method can be generalized for NPs with other shapes, e.g. for ellipsoidal particles, 

considering the polarizability in the direction of each of the semi-axes of the ellipsoids.
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