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Refractive index sensing with Fano resonant
plasmonic nanostructures: a symmetry based
nonlinear approach†

Jérémy Butet* and Olivier J. F. Martin*

Sensing using surface plasmon resonances is one of the most promising practical applications of plasmo-

nic nanostructures and Fano resonances allow achieving a lower detection limit thanks to their narrow

spectral features. However, a narrow spectral width of the subradiant mode in a plasmonic system, as

observed in the weak coupling regime, is in general associated with a low modulation of the complete

spectral response. In this article, we show that this limitation can be overcome by a nonlinear approach

based on second harmonic generation and its dependence on symmetry at the nanoscale. The Fano res-

onant systems considered in this work are gold nanodolmens. Their linear and nonlinear responses are

evaluated using a surface integral equation method. The numerical results demonstrate that a variation of

the refractive index of the surrounding medium modifies the coupling between the dark and bright

modes, resulting in a modification of the electromagnetic wave scattered at the second harmonic wave-

length, especially the symmetry of the nonlinear emission. Reciprocally, we show that evaluating the

asymmetry of the nonlinear emission provides a direct measurement of the gold nanodolmens dielectric

environment. Interestingly, the influence of the refractive index of the surrounding medium on the non-

linear asymmetry parameter is approximately 10 times stronger than on the spectral position of the

surface plasmon resonance: hence, smaller refractive index changes can be detected with this new

approach. Practical details for an experimental realization of this sensing scheme are discussed and the

resolution is estimated to be as low as Δn = 1.5 × 10−3, respectively 1.5 × 10−5, for an acquisition time of

60 s for an isolated gold nanodolmen, respectively an array of 10 × 10 nanodolmens.

1. Introduction

The optical properties of plasmonic nanostructures have been

widely studied due to their potential new applications in the

field of nanophotonics.1,2 Indeed, the collective oscillations of

the conduction electrons, the surface plasmon resonances,

result in a strong enhancement of the scattering and absorp-

tion cross sections, as well as localization of light far below the

diffraction limit.3,4 The coupling and hybridization between

plasmonic modes enables further tailoring and controlling the

optical properties of metallic nanostructures for specific

applications.5–9 Hence, surface plasmon resonances are versa-

tile sensing tools since their width and position depend on the

size, shape, composition and dielectric constant of the sur-

rounding medium.10 This latter dependence opens the way to

one of the most promising use of metallic nanoparticles:

sensing using localized surface plasmon resonances

(LSPR).11–13 Sensors based on this principle are able to detect

small changes in the vicinity of plasmonic structures through

monitoring of the LSPR spectral position shift. Recently, sig-

nificant attention was paid in that context to plasmonic nano-

structures supporting Fano resonances due to their unusual

electromagnetic response, which includes narrow optical

features.14–16 Fano resonances have been reported in various

plasmonic systems, including gratings,17,18 asymmetric nano-

dimers,19,20 ring-disk nanocavities,21–23 dolmens,24–26 and plas-

monic oligomers.27–30 Several formalisms were developed to

describe Fano resonances and their characteristic asymmetric

lineshape in terms of coupling between optical dark (subradi-

ant) and bright (superradiant) modes.31–34 It was also shown

that Fano resonances arising from the coupling between bright

modes only can be observed in the scattering spectra of specific

nanostructures.34–38 In some specific plasmonic Fano systems,

the interaction between bright and dark modes can also lead to

a window of transparency similar to the electromagnetically

induced transparency observed in atomic physics.39,40 Because

of their narrower spectral width compared to conventional

plasmon resonances and larger induced field enhancement,
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Fano resonances have been used for a variety of applications

including plasmonic rulers41,42 and biosensors.23,43–46 Note

that it is important to control the coupling regime for the

optimization of such applications.42 Indeed, it was recently

demonstrated that the Fano system should be used in the weak

coupling regime in order to enhance the influence of the

dielectric environment on its lineshape.42,45 However, a narrow

spectral width (corresponding to weak radiative losses) of the

subradiant mode is associated with a low modulation of the

complete spectral response and is difficult to observe in scatter-

ing spectra.45 As a consequence, new approaches are required

to overcome this limitation and to push forward the detection

limit of Fano sensors. In this article, we show that a nonlinear

readout can provide such an approach.

Over the last decade, a significant effort has been devoted

to the study of nonlinear optical processes in plasmonic nano-

structures, since LSPR can effectively drive them.47 Among

those different nonlinear optical processes, second harmonic

generation (SHG), whereby two photons at the fundamental

frequency are converted into one at the second harmonic (SH)

frequency, is the simplest and probably the most studied in

plasmonic systems.48–56 The shape dependence of the SH

intensity has been investigated for both centrosymmetric and

non-centrosymmetric metallic nanostructures, addressing the

related symmetry properties in great details.48–56 Especially,

the SHG from gold nanorods, which is the building block of

the nanodolmen discussed in this article, has been addressed

and the enhancement of the nonlinear response by the LSPR

discussed.57–59 Several studies have reported the observation of

SHG from single metallic nanostructures, paving the way for

the design of practical applications as nonlinear plasmonic

sensing,60 laser beam characterization,61,62 sensitive shape

characterization,63–65 and imaging.66–68 For practical appli-

cations, it is also important to increase the nonlinear

conversion at the nanoscale and multiresonant plasmonic

nanostructures, as well as Fano resonant nanostructures, were

found to be efficient to do so.69–72 Recently, we have shown

that the combination of the intrinsic properties of Fano reson-

ances with SHG enable the design of nonlinear plasmonic

nanorulers with very high sensitivity.73

In this article, we theoretically investigate the remote detec-

tion of refractive index changes using the SH response of gold

nanodolmens which support Fano resonances. The linear case

is addressed first in order to demonstrate the benefit of a non-

linear approach for the readout of Fano sensors; the SHG is

considered next. Although the modulation depth is not dra-

matically increased in the nonlinear response, we will show

that the symmetry of the nonlinear response can be exploited

to enhance sensitivity. Indeed, the presented numerical results

clearly demonstrate that a variation of the refractive index of

the surrounding medium modifies the symmetry of the

electromagnetic wave scattered at the SH wavelength. This

phenomenon is explained by the modification of the coupling

between the dark and bright modes supported by the different

parts of the gold nanodolmens. When the refractive index of

the surrounding medium changes, the influence on the asym-

metry of the nonlinear response is much stronger than on the

linear LSPR spectral position.

2. Numerical method

The linear optical responses have been calculated using a

surface integral formulation. A plane wave excitation is con-

sidered throughout. The dielectric constant for gold is taken

from experimental data at both the fundamental and second

harmonic wavelengths.74 For the SHG computations, the

linear surface currents, which are expanded on Rao–Wilton–

Glisson (RWG) basis functions,75,76 are used for the evaluation

of the fundamental electric fields just below the gold surfaces

and then used for the calculation of the surface SH polariz-

ation. Only the component χsurf,nnn of the nonlinear suscepti-

bility surface tensor, where n denotes the component normal

to the surface, is considered since recent experimental results

indicate that this term dominates the surface response of met-

allic nanoparticles.77,78 Note that other contributions to the

SH signal, namely the component χsurf,ttn of the surface tensor

(where t denotes the component tangential to the surface) and

bulk contribution, are theoretically allowed but these terms

contribute only weakly to the total SH wave.77,78 In the spectral

range considered in this work, the wavelength dependence of

the nonlinear polarization is expected to be weak and the

tensor element χsurf,nnn = 1 for all the numerical results

reported in this article.77,78 The SH surface currents are

obtained solving the SIE formulation taking into account the

nonlinear polarization and enforcing the boundary conditions

at the nanostructures surfaces.79 The SH surface currents are

expanded like the linear surface currents on RWG basis func-

tions and the expanding coefficients are found by applying the

method of moments with Galerkin’s testing.75,76 A Poggio-

Miller-Chang-Harrington-Wu formulation is used to ensure

accurate solutions even at resonant conditions.75,76 The SH

electric field is then deduced from the SH surface currents

using a two-term subtraction method for the evaluation of the

Green’s functions.75 The mesh is composed of 2376 triangles

(see Fig. 1).

Fig. 1 Schematic of the gold nanodolmen studied in this work. The

parameters are fixed to the following values: d = 60 nm, w = 40 nm,

l = 100 nm, and e = 20 nm. The value of the parameter s is modified

through the manuscript and mentioned in the different figure captions.

For this figure, the parameter s is set to 15 nm. The mesh is composed

of 2376 triangles.
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3. Results and discussion
3.1 Linear optical response

The Fano resonant system discussed in this article is shown in

Fig. 1 where the different geometrical parameters are intro-

duced. The considered nanostructure is composed of three

gold nanorods: one of the gold nanorod is placed on top of the

two other nanorods. The three nanorods are identical (100 nm

long and their width w is 40 nm). The separation between the

two parallel nanorods d is 60 nm. This gold nanodolmen is

excited by an incident plane wave as shown in Fig. 1. The top

nanorod supports a dipolar plasmonic mode which is strongly

coupled to the incoming plane wave and is able to efficiently

radiate light to the far-field. On the contrary, the two bottom

parallel nanorods support a quadrupolar plasmonic mode.40

The out of phase dipole moments supported by each parallel

nanorod prevent this quadrupolar mode from efficiently

radiating light to the far-field. As a consequence, the quadru-

polar mode cannot be excited by the homogeneous field of the

incoming plane wave. The backward scattered intensity in the

linear regime is computed as a function of the incident wave-

length for different values of the symmetry breaking parameter s,

assuming a surrounding medium with refractive index

n = 1.33, corresponding to a nanodolmen in water (solid lines

in Fig. 2). In the symmetric case, when s = 0 and the top bar is

situated exactly at the center of the two parallel nanorods, a

strong enhancement of the backward scattered intensity is

observed at 780 nm, corresponding to the resonant excitation

of the dipolar mode supported by the top nanorod.42 Indeed,

the coupling between the dipolar and the quadrupolar modes

vanishes in the symmetric case and only the dipolar mode is

excited by the incoming plane wave. As the asymmetry of the

nanostructure increases, the optical response of the dolmen

nanostructure evolves from a single Lorentzian resonance to a

Fano-like lineshape.40,42 The asymmetric spectral response

resulting from the coupling between the dipolar and the quad-

rupolar modes evolves with the symmetry parameter s.42,72

Further computations have been performed considering a

higher value of the refractive index for the surrounding

medium, n = 1.37 (shown as dashed lines in Fig. 2). For all the

coupling regimes, a clear redshift of the Fano resonance is

observed when the background refractive index changes from

n = 1.33 to 1.37. The dip in the Fano resonance is shifted by

22 nm, corresponding to a sensitivity of 550 nm per refractive

index unit (RIU). On the contrary, the influence of the back-

ground on the modulation depth is negligible. Indeed, since

the dark and the bright modes have both their field equally

present in the environment, their sensitivity is similar i.e. they

are shifted by the same amount and the overall shape of the

spectral response of the system does not change, as discussed

by B. Gallinet et al.45 It was reported that Fano plasmonic

sensing is more efficient in the weak coupling when the spec-

tral width of the dark mode is limited only by ohmic losses.

Nevertheless, a narrow spectral width of the subradiant mode

is in general associated with a low modulation of the complete

spectral response.45 In the following, we will show how to over-

come this limitation by considering the nonlinear optical

response of the gold nanodolmens, instead of their linear

response.

3.2 Second harmonic generation

Let us now consider the SH optical response of a gold nano-

dolmen for different backgrounds. It is well known that SHG is

forbidden in the bulk of centrosymmetric media within the

electric dipole approximation.80 However, this symmetry is

broken at the interface between two centrosymmetric media

Fig. 2 Backward scattered intensity from a gold nanodolmen as a function of the incident wavelength computed for different values of the sym-

metry parameter s: (a) s = 0 nm, (b) s = 5 nm, (c) s = 10 nm, (d) s = 15 nm, (e) s = 20 nm, and (f ) s = 25 nm. The refractive index of the surrounding

medium is n = 1.33 (solid lines) and n = 1.37 (dashed lines), respectively.
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and SHG can originate from metallic nanostructure surfaces.80

Surface integral equations methods only require the discretiza-

tion of the surfaces of the metal nanostructures, exactly where

the SHG sources are located, and are therefore extremely well

suited for accurate SHG computations.75 Fig. 3 shows the SH

intensity from a gold nanodolmen for different values of the

parameter s. The SH intensity has been integrated over a

sphere with radius r = 50 µm. Contrary to the linear scattering,

which corresponds to the excitation of an electric dipole

mode, SHG involves higher emission modes resulting in a SH

wave scattered in several directions.56 Interestingly, the linear

and the SH responses exhibit a similar spectral behaviour,

compare Fig. 2(a)–(f ) and 3(a)–(f ). In the symmetric case

(s = 0 nm, black curves), a Lorentzian function centred at

780 nm (n = 1.33) or at 802 nm (n = 1.37) is observed. Indeed,

the amplitude of the SH sources standing at the gold nanodol-

men surface is directly related to the fundamental near-field

intensity. As a consequence, a resonant excitation of the

dipolar mode supported by the top nanorod increases the SH

signal in the far-field. As previously discussed, the quadrupo-

lar mode supported by the two parallel nanorods is only

excited if the symmetry of the nanodolmen is broken (s ≠

0).42,45 In this case, the strength of the SH sources standing at

the surface of the two parallel rods increases. Note that the

intensity enhancement related to the quadrupolar mode

depends on the symmetry parameter s and reaches a

maximum value in the intermediate coupling regime.42 In the

asymmetric case, the SH wave does not come only from the

top nanorod but nonlinear sources are also present at the two

parallel nanorods surfaces, as shown by the SH near-field

Fig. 3 Total SH intensity from the gold nanodolmen as a function of the incident wavelength computed for different values of the symmetry par-

ameter s: (a) s = 0 nm, (b) s = 5 nm, (c) s = 10 nm, (d) s = 15 nm, (e) s = 20 nm, and (f ) s = 25 nm. The refractive index of the surrounding medium is

n = 1.33 (solid lines) and n = 1.37 (dashed lines), respectively. The SH intensity is integrated over a sphere of radius r = 50 µm. (g) Normalized SH

intensity scattered in the plane containing the two parallel nanorods as a function of the scattering angle considering the SH scattered wave polar-

ized into the scattering plane. The incident wavelength is 860 nm. The refractive index of the surrounding medium n = 1.33 (first row), and n = 1.40

(second row), and n = 1.46 (third row).
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intensity maps (Fig. 4).73 Despite this more complex nonlinear

sources distribution, the total SH intensity follows the trend of

the linear scattering for the different symmetry parameters s

(compare Fig. 2 and 3). When the refractive index of the sur-

rounding medium increases, the maximum of the SH intensity

is redshifted following the behaviour of the Fano resonance

observed previously in the linear regime (Fig. 2). Since the

total SH intensity is strongly correlated to the Fano resonance

wavelength, their sensitivities to changes of the surrounding

medium refractive index are identical. Furthermore, the linear

and the nonlinear lineshapes are also similar and the benefit

of a nonlinear approach for plasmonic sensing seems to be

rather limited when measuring the entire SH intensity. It is

however very difficult to experimentally measure the total SH

intensity and the SH wave is often recorded in a specific scat-

tering plane.81 In the following, the SH far-field radiation in

the plane containing the two parallel nanorods will be investi-

gated in details with the aim of designing sensitive nonlinear

Fano sensors. Fig. 3(g) shows for different values of the par-

ameter s the normalized SH intensity scattered in the (O, x, y)

plane, which is perpendicular to the incident beam, as a func-

tion of the scattering angle, considering the SH scattered wave

polarized into this plane.64 The incident wavelength is set to

860 nm and several values of the refractive index for the sur-

rounding medium n are considered (ranging from n = 1.33 to

n = 1.46). For comparison, the normalized SH intensity scat-

tered in the (O, x, z) plane is shown in the ESI (Fig. S1†). In

Fig. 3(g) we observe that the SH emission pattern evolves from

a symmetric four-lobe pattern corresponding to a quadrupolar

emission for s = 0 to asymmetric emission patterns for

s ≠ 0. Indeed, SHG from metallic nanostructures with centro-

symmetric shapes is forbidden in the electric dipole approxi-

mation, explaining why high multipolar modes are involved in

the nonlinear optical response.82 The angular dependence of

the linear scattering was also evaluated, revealing meanly a

dipolar nature (see ESI Fig. S2 and S3†). In the case of the sym-

metric gold nanodolmen (s = 0), the SH field is generated by

the top nanorod and a SH emission pattern similar to that of a

single rod is then expected. For asymmetric nanodolmens, the

total SH emission pattern observed in a specific configuration

arises from the interference between the SH emissions from

the top bar and from the two parallel ones, with their relative

weights in the overall signal controlled by the Fano resonance

occurring at the fundamental wavelength. Considering a given

refractive index n of the surrounding medium, the asymmetry

of the SH emission pattern increases as the parameter s

increases, i.e. as the coupling between the dipolar and quadru-

polar modes at the fundamental wavelength increases. More

interestingly, the asymmetry of the SH wave scattered by asym-

metric nanodolmens (for which s ≠ 0) increases as the refrac-

tive index of the surrounding medium increases (owing to the

modification of the modes coupling) indicating that the sym-

metry properties of SHG can be used for remote detection.

Note that, for a given value of the refractive index of the sur-

rounding medium, the spectral lineshape of the Fano reson-

ance depends on the coupling between the subradiant and the

superradiant modes which is controlled by the parameter s. As

the refractive index of the surrounding medium increases, the

spectral maxima of SHG can be shifted toward or away from

the incident wavelength, depending on the parameter s. As a

consequence, the SH intensity can decrease or increase as the

parameter s evolves, as observed for the 3 rows in Fig. 3(g). In

order to quantify the asymmetry of the emission pattern and

the influence of the surrounding medium, following the defi-

nition introduced in ref. 73, the asymmetry parameter A is

computed as:

A ¼
I1 � I2

I1
; ð1Þ

Fig. 4 SH near-field intensity maps (shown in a logarithmic scale) close

to (a, c, e, g) the dipolar nanorod antenna and to (b, d, f, h) the two par-

allel nanorods evaluated for an incident wavelength λ = 860 nm for

different cases: (a–d) s = 0 and (e–h) s = 25 nm. (a, b, e, f ) n = 1.33 and

(c, d, g, h) n = 1.40. The same colorscale is used for the 8 maps.
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where I1 and I2 are the maximal SH intensity scattered in the

upper (y > 0) and lower (y < 0) parts of the polar-plot, respect-

ively. The asymmetry parameter A is reported as a function of

the refractive index n for different values of the parameter s in

Fig. 5(a). The asymmetry of the linear scattering has also been

evaluated following the same approach (dashed lines –

Fig. 5(a)) revealing a lower influence of the refractive index.

The asymmetry parameter A for SHG evolves from 0 for a sym-

metric emission pattern for s = 0 to almost 80% for the highest

values of the symmetry parameter s and of the refractive

index n. The asymmetry of the nonlinear emission depends on

the coupling between the dark mode and the bright mode and

increases with the excitation of the subradiant mode. Indepen-

dently of the refractive index of the surrounding medium, this

subradiant mode is not excited in the symmetric configuration

(s = 0), explaining that the asymmetry parameter A vanishes in

this case (Fig. 5). On the contrary, the asymmetry increases

with the refractive index n even for a minute symmetry break-

ing (s = 5 nm – red curve). In the strong coupling regime

(s = 25 nm), a modification of the refractive index by 0.1 RIU

results in a variation of the asymmetry parameter A as high as

40%. For example, when the refractive index of the surround-

ing medium increases from 1.37 to 1.46, the asymmetry para-

meter A evolves from 31.5% to 68.3%, i.e. is multiplied by

more than 2. In the intermediate coupling regime (s = 10 nm),

the asymmetry parameter A evolves from 16.5% to 49% (corres-

ponding to a multiplication by 3 and an absolute change of

32.5%) when the refractive index of the surrounding medium

increases from 1.37 to 1.46. Very similar sensing performances

are obtained in the different coupling regimes (except for the

non-coupled case) emphasizing the flexibility of a nonlinear

approach for the readout of Fano sensors.

3.3 Comparison with the classical linear readout

In this section, the symmetry based nonlinear approach for

plasmonic sensing is compared with the classical linear

approach. The most important parameter for determining

sensing performance is the sensitivity, i.e. the amplitude of

the output parameter variation (the asymmetry of the SH

response for the nonlinear case or the LSPR spectral position

for the linear case) for a given modification of the measured

quantity (the refractive index of the surrounding medium in

the present case). In order to make the comparison between

the nonlinear and the linear cases easier, it is necessary to

evaluate the variation of both the asymmetry parameter and

the spectral position of the LSPR in a similar way. The vari-

ation of the asymmetry is computed as:

VAðnÞ ¼
Aðnþ 0:01Þ � AðnÞj j

AðnÞ
; ð2Þ

and the variation of the LSPR spectral position is computed as:

V λSPRðnÞ ¼
λSPRðnþ 0:01Þ � λSPRðnÞj j

λSPRðnÞ
: ð3Þ

The variation of the LSPR spectral position is computed for

s = 0 since this parameter does not modify the sensitivity in

the linear regime, Fig. 2. Note that the spectral variation of the

nonlinear response follows that of the linear scattering. The

result is shown in Fig. 5(b) for refractive indexes of the sur-

rounding medium ranging from n = 1.33 to 1.49. Note that the

asymmetry variation is higher for small values of the para-

meter s despite smaller absolute variations. This is in agree-

ment with recent observations on the dynamic range provided

by Fano resonant structures in the weak coupling regime.40

Furthermore, the variation of the asymmetry reaches its

maximal value at higher refractive indexes n when the par-

ameter s decreases, Fig. 5(b). This is explained by the line-

shape of the Fano resonance and the interaction strength

between the bright and dark modes in the different coupling

regimes (see Fig. 2 and 3). The variation of the asymmetry par-

ameter ranges from 8% to 18% while the variation of the LSPR

spectral position remains below 1%. As a consequence, the

theoretical detection threshold is much lower when the sym-

metry properties of SHG are exploited. This emphasizes the

benefit of the proposed nonlinear readout, compared to the

linear LSPR readout based only on the LSPR shift.

Fig. 5 (a) Asymmetry parameter (as defined by eqn (1)) as a function of

the refractive index n evaluated for different values of the parameter s

(from 0 nm (black curve) to 25 nm (purple curve)) corresponding to the

emission pattern shown in Fig. 3(g). The asymmetry parameters for SHG

and linear scattering are shown in full and dashed lines, respectively.

The incident wavelength is 860 nm. (b) Variation of the asymmetry (left

axis – eqn (2)) and of the LSPR spectral position (right axis – eqn (3)) as a

function of the refractive index. The variation of the LSPR spectral posi-

tion is computed for s = 0. The variations of the SHG and of the linear

scattering are shown in full and dashed lines, respectively.
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3.4 Experimental implementation

Let us briefly discuss some implementation details for the pro-

posed SH sensing scheme and use published experimental

data to estimate the sensitivity that could be achieved with

nanodolmens. SHG is a nonlinear optical process that requires

the use of pulsed laser systems. The SHG from a single 150 nm

gold nanoparticle embedded in a transparent matrix was

recently observed using the combination of a femtosecond

laser (pulse duration ∼180 fs and pulse energy ∼10 nJ) and a

very sensitive gated photon counting systems with typical

acquisition time of 10 seconds.51,83 The SH signal coming

from the homogeneous medium, corresponding to the back-

ground, is very low due to the properties of SHG.51,83 In this

case, the signal-to-noise ratio is given by the square root of the

number of counts. In these previously reported experiments,

the count rate was 10 counts s−1 for a single 150 nm gold

nanoparticle. To estimate the corresponding figure for an

experiment based on the nanodolmens proposed here, we

have first performed computations for a gold nanosphere with

a 150 nm diameter; the results show that the SH signal from

the gold nanodolmens is approximately 10 times higher than

that of the gold sphere (ESI Fig. S4†). This would correspond

to a count rate of 100 counts s−1 and a signal-to-noise ratio of

32, respectively 78, for an acquisition time of 10 s, respectively

60 s. In turn, these data correspond to a resolution of Δn =

0.01, respectively Δn = 10−3. These values are very good for a

plasmonic sensor based on the LSPR of an isolated nanostruc-

ture but below the performances of sensing platforms

based on propagating surface plasmons (resolution close to

Δn = 10−7).84–86 However, SHG is a coherent process and the

SH response from the nanostructures composing an array can

be added up coherently. Considering a 10 × 10 array of gold

nanodolmens and an acquisition time of 60 s, the signal-to-

noise ratio raises to 7800, corresponding to an estimated

resolution Δn = 1.5 × 10−5. This value tends to the best resolu-

tion reported for a plasmonic sensors based on LSPR (Δn = 2.8

× 10−6),87 supporting the benefit of the approach proposed in

this article. Note that the evaluation of the resolution is based

on the counts statistics but that a relevant signal treatment

could increase the resolution.88 Furthermore, both the signal-

to-noise ratio and the resolution increase with the acquisition

time.89

The preparation of the plasmonic sensor is an important

issue. Advanced nanofabrication techniques such as DNA

origami enable the fabrication of 3D rigid gold nanostructures

with spatial accuracy down to the nanoscale.90,91 The addition

of a substrate and/or a spacer could modify the nonlinear

emission. While method used for the computation of SHG

does not enable evaluation of the influence of the substrate

and spacer on the asymmetry of the nonlinear emission, the

addition of a substrate and/or a spacer does not break the sym-

metry in the (O, x, y) plane (contrary to the (O, x, z) plane) and

the influence on the asymmetry of the nonlinear response is

expected to be weak. In addition to the gold nanodolmen fabri-

cation, the surface functionalization is an important issue for

biomolecular detection.92,93 It has been widely discussed in

the literature and all the different functionalization methods

developed for linear plasmonic sensing can be used straight-

forwardly for nonlinear plasmonic sensors based on symmetry.

Furthermore, the interaction between biological analytes and

the biorecognition elements could result in asymmetric SH

distribution, especially when few analytes are attached to the

surface, which could provide further experimental advantages.

An optimized distribution of the biorecognition elements on

the gold nanodolmens (for example, attached to only one

nanorod) could increase the influence on the SH emission and

further boost the detection limit.

4. Conclusions

In summary, the detection of refractive index changes using

the SH response of gold nanodolmens was theoretically inves-

tigated in this work. Even though a nonlinear approach does

not dramatically increase the modulation depth recorded for

the total SH intensity, the symmetry of the nonlinear response

can be exploited for sensing applications. Indeed, the pre-

sented numerical results clearly show that a variation of the

refractive index of the surrounding medium modifies the sym-

metry of the electromagnetic wave scattered at the SH wave-

length. This phenomenon was explained by the modification

of the coupling between the dark and bright modes supported

by the gold nanodolmens. In particular, a modification of the

refractive index by 0.1 RIU results in a variation of the asymme-

try parameter A as high as 18%, indicating the high sensitivity

of the proposed nonlinear readout method. For an acquisition

time of 60 s, the resolution is evaluated to be Δn = 1.5 × 10−3,

respectively Δn = 1.5 × 10−5, for an isolated gold nanodolmen,

respectively an array of 10 × 10 nanodolmens. These results

pave the way for the design of efficient plasmonic sensors com-

bining the advantages of Fano resonances and those of non-

linear optical processes, enabling the observation of the

adsorption of a very small amount of molecules at nano-

structured metal interfaces.94–97
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