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ABSTRACT Enhancing nonlinear processes at the nanoscale is a crucial step toward the development of nanophotonics and new
spectroscopy techniques. Here we demonstrate a novel plasmonic structure, called plasmonic nanocavity grating, which is shown to
dramatically enhance surface nonlinear optical processes. It consists of resonant cavities that are periodically arranged to combine
local and grating resonances. The four-wave mixing signal generated in our gold nanocavity grating is enhanced by a factor up to
≈2000, 2 orders of magnitude higher than that previously reported.
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Plasmonics is concerned with the manipulation of light
at the nanoscale. It involves the study of the coupling
between electromagnetic radiation and collective

electronic oscillations in metals, known as surface plas-
mons.1,2 The resulting field enhancement makes them
particularly attractive for surface nonlinear optics, since the
efficiency of most nonlinear phenomena can be greatly
enhanced.3-10 Potential applications include nanophotonics
and spectroscopy where nonlinear optical processes play an
important role, either for frequency conversion or to detect
chemical fingerprints.

While isolated metal particles have been extensively
studied,5 patterned substrates have received much less
attention. Recently, Renger et al. showed that four-wave
mixing (4WM) in a gold substrate can be enhanced by
patterning the surface with a grating and exploiting evanes-
cent waves.10 Gratings have also been used to enhance the
4WM process by phase matching the generated signal with
the pump beam.11 Here we report on a novel approach
based on plasmonic nanocavity gratings to enhance surface
nonlinear processes. We have designed plasmonic nano-
cavities, made of nanogrooves in a gold film,12,13 and
arranged them periodically to combine local resonances of
the nanocavities with grating resonances that involve surface
plasmon polaritons (SPPs) propagating on the corrugated
surface. Since the corrugation is composed of resonant
structures, the properties of SPPs along such an interface are
considerably affected. To avoid any confusion with SPPs

propagating at a flat metal-dielectric interface, we generally
refer to these modes as surface waves.

Several works already proposed to interpret such an
interaction between localized and delocalized plasmons in
the context of Fano resonances.14-16 We apply this concept
of coupled resonances to 4WM in gold and demonstrate an
enhancement of the generated signal of up to ≈2000
compared with an unpatterned surface, 2 orders of magni-
tude higher than that reported in ref 10. This result shows
that plasmonic nanocavity gratings are a promising route to
enhancing optical nonlinearities in the metal and also in any
material filling the cavities, with potential applications to
nanoscale frequency conversion and highly sensitive vibra-
tional spectroscopy and microscopy.

A single narrow groove (tens of nanometers wide) defined
on a metal surface can be viewed as a portion of a metal-
insulator-metal (MIM) waveguide terminated by a metallic
mirror on one side and a dielectric mirror (air) on the other.
It therefore forms a cavity that sustains Fabry-Pérot
modes.13 Because the cavity mode is confined in a subwave-
length volume, large fields are established both in the metal
and in the dielectric under resonant excitation.13 In addition
to these localized surface plasmons (LSPs), a grating of
nanogrooves enables the coupling of free space light to
surface waves (SWs) propagating on the corrugated surface.
Figure 1 illustrates schemes to couple light into (a) or out of
(b) a nanocavity via excitation of SWs. Because they com-
bine both LSPs and SWs and can exhibit a very high density
of electromagnetic energy, nanogroove gratings are an ideal
tool for enhancing various nonlinear optical phenomena. In
our experiment, two laser beams, E1 at frequency ω1 and
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E2 at ω2, are focused onto the structure with both beams
polarized perpendicularly to the groove direction (Figure 1c).
A scanning electron microscope (SEM) image of a typical
fabricated grating is shown in Figure 1d.

To elucidate the optical properties of nanogroove grat-
ings, we performed numerical simulations using the finite
difference time domain (FDTD) method. Details are provided
in Supporting Information. Figure 2a shows the electric field
intensity as a function of the excitation wavelength, moni-
tored in the metal within the skin depth, 5 nm below the
bottom of an isolated groove (dashed blue line), 60 nm wide
and 90 nm deep. For reference, we show the field intensity
in the case of a flat surface (dot-dashed black line). All fields
are normalized to that of the incident wave (|E0|). We
observe the fundamental cavity resonance at λ0 ) λcav,1 )
820 nm. As depicted in Figure 1a, a nanogroove grating
offers additional paths, relying on SWs, to couple free space
photons into LSPs. Assuming an infinite grating with period
ΛG illuminated by a plane wave with free space wavevector
k0 ) 2π/λ0, momentum conservation for coupling photons
to SWs propagating at the corrugated interface requires k0

sin(R) + q�G ) kg where R is the angle of incidence, q an
integer, �G ) 2π/ΛG, and kg ) 2π/λg ) ngk0 is the SW
wavevector, λg and ng being the effective wavelength and
mode index, respectively, of the SW propagating along the
nanogroove grating surface. However, this condition is
relaxed because of the distribution of incident angles for a
focused beam. Parts c and d of Figure 2 show the depen-
dence of the coupled wavelength λ0 ) ngλg and the field
intensity, respectively, on ΛG. Note that the coupled wave-
length is controlled by the grating period (λ0 ) ngλg ) ngΛG

where ng strongly depends on the frequency), and that the
energy stored in the nanogrooves is maximum when λ0 )
λcav,1. In summary, the highest electric fields in the grooves
are obtained when the grating launches SWs corresponding

to an incident wavelength which is also resonant with the
intrinsic cavity mode (λ0 ) ngλg ) ngΛG ) λcav,1). For 60 nm
wide 90 nm deep grooves, the grating period which satisfies
this condition is ΛG ≈ 560 nm. The corresponding spectrum,
which is asymmetric, is shown in Figure 2a (red curve), and
a color map of the electric field intensity at the resonance
wavelength λ0 ) 820 nm is shown in Figure 2b. We see in
Figure 2b that the electric field is maximum, in the metal,
near the groove bottom (|E/E0|2 ∼ 10), and in the air, near
the groove entrance (|E/E0|2 ∼ 103). This suggests that the
structure could be used to enhance nonlinear optical pro-
cesses not only in the dielectric filling the grooves but also
in the metal. A local enhancement factor for the electric field
in the metal can be defined as ηin ) |E/Eflat| where Eflat refers
to the electric field beneath a flat metal surface, E and Eflat

are calculated at the same depth below the metal-dielectric
interface. The subscript in denotes the in-coupling process
(Figure 1a).

In the following, we consider the nonlinear mixing of two
near-infrared beams at λ1 ) 820 nm and λ2 ) 1064 nm,
respectively. The third-order nonlinear response of gold,
characterized by its susceptibility tensor �(3) (on the order
of 8 × 10-19 (m/V)2 17), gives rise to fields oscillating at
frequencies 2ω1 - ω2 and 2ω2 - ω1. For experimental
convenience, we consider only the frequency up-conversion
ω4WM ) 2ω1 - ω2, resulting in light generation at λ4WM ) 667
nm. The nonlinear polarization can then be expressed as
P(3)(ω4WM) ) �(3)E1

2E2*. We define the local enhancement
factor of the 4WM process as

FIGURE 1. Nanogroove gratings in a metal surface can enhance
nonlinear phenomena due to high field enhancement involving both
localized and propagating surface plasmons. (a) Light is coupled into
a localized nanocavity mode, assisted by propagating surface plas-
mons (red wavy arrows). (b) An emitter positioned in a groove
exhibits enhanced emission and collimation effect. (c) Schematic
of the four-wave mixing experiment. Two normally incident beams
at ω1 and ω2 are focused on the corrugated gold structure and
generate light at the four-wave mixing frequency 2ω1 - ω2, en-
hanced by the nanocavity grating. (d) SEM image of a typical
nanogroove grating (w ) 100 nm, d ) 90 nm, ΛG ) 600 nm).

FIGURE 2. (a) Field intensity beneath a single groove (blue dashed
line), beneath a groove grating with period ΛG ) 560 nm (red line),
and beneath a flat surface (dashed black line). E0 is the incident wave
field. The field is evaluated inside the metal 5 nm away from the
interface, as indicated by the black X in (b). The grooves are 60 nm
wide and 90 nm deep, and light is a normally incident Gaussian
beam with a 1 µm waist. The arrow indicates the nanocavity
resonance (λcav). (b) Field distribution |E/E0|2 at resonance (λ0 ) 820
nm for ΛG ) 560 nm) in the vicinity of a groove in the grating. (c)
Resonance wavelength of the nanogroove grating vs ΛG. (d) Field
intensity at resonance vs ΛG divided by the incident intensity. The
dashed line correspond to the “double resonance” condition (i.e.,
λ0 ) ngλg ) ngΛG ) λcav, coincidence of grating and nanogroove
resonance). As the grating period is changed, the electromagnetic
field enhancement decreases because the resonance condition with
the nanocavity is lost (i.e., λ0 ) ngλg ) ngΛG * λcav).
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where ηin,i is the local field enhancement at ωi, ηout,4WM
2 )

Prad/Prad,flat, and Prad is the power radiated by an infinitesimal
volume of polarized medium in the metal (Prad,flat refers to a
flat surface, see details in the Supporting Information). Thus,
ηout enables us to quantify the out-coupling from the above
volume, taking into account the local field enhancement as
well as the collimation effect of the grating, the optical losses,
and the collection efficiency (Figure 1b).

Since (EF)l varies as the fourth power of ηin,1, we expect
that the largest 4WM intensity is obtained by optimizing the
in-coupling process at the frequency ω1. We therefore fixed
the depth d ) 90 nm to achieve localized resonance at λ1

and varied w and ΛG.

We fabricated nanogroove gratings with widths w ranging
from 60 to 240 nm and periods ΛG ranging from 200 to 800
nm. Each fabricated grating is 13 µm by 13 µm in size, much
larger than the beam waist (≈1 µm for our 40× objective).
The fabrication process involved electron-beam lithography
on a silicon substrate, evaporation of gold followed by lift-
off, which defines w and d, followed by another E-beam
deposition of gold.

The experimental apparatus is based on a typical coher-
ent anti-Stokes Raman scattering (CARS) microscopy
setup.20 It employs mode-locked lasers to generate the
incident synchronous picosecond pulses at λ1 and λ2. Sche-
matic and details are provided in the Supporting Informa-
tion.

The experimental results are presented in Figure 3a,
where we study the dependence of the 4WM enhancement
as a function of w and ΛG. We obtained the latter by
normalizing the measured 4WM signal to the one measured
from a flat surface (see Supporting Information for a discus-
sion on the relation between this overall enhancement and
the local one (EF)l, eq 1). For a given period, the 4WM signal
increases as w decreases due to the larger field enhancement
for narrower grooves.13 On the other hand, three maxima
appear when ΛG is varied, namely, at ΛG ≈ 300 nm, ΛG ≈
560 nm, and ΛG ≈ 720 nm. They can be understood by
considering the dependence of ηin,1

4 , ηin,2
2 , and ηout,4WM

2 on ΛG

(panels b-d of Figure 3). Indeed, each ηi is maximized when
ΛG satisfies the coupling condition to the SWs at normal
incidence (ΛG ) λg, i). The maximum 4WM enhancement
(≈2000) is obtained when ηin,1

4 is maximized, as expected
given the dependence of (EF)l on ηin,1

4 in eq 1. While the
widths of the peaks in Figure 3b,c, and d are related to the
distribution of angles for a focused beam, the combined
effect of the enhancement factor of each frequency has to
be considered to explain the features appearing in Figure
3a. We note that the measured overall enhancement around
ΛG ≈ 560 nm does not decay as rapidly as expected from
the calculations as the groove width is increased. This effect

can most likely be attributed to surface roughness or local
imperfections that create uncontrolled field enhancement.

In addition to wave mixing, noble metals exhibit nonlin-
ear absorption in the near-infrared and visible ranges. In
particular, two-photon-excited luminescence (TPEL) is a well-
known phenomenon that has been extensively studied.18,19

In gold, this process gives rise to spectrally broad lumines-
cence with a local maximum around λ ≈ 650 nm.18 In our
experiment, TPEL is also considerably enhanced compared
to an unpatterned gold surface.

Figure 4a shows the measured power at λ ) 667 nm as
a function of the power P1 impinging on the sample at ω1,
with P2 ) 32 mW. We observe a transition from two-color
(ω1 +ω2) TPEL to 4WM as P1 is increased. This interpretation
is justified by the linear dependence of the emitted signal
on both P1 (Figure 4a, slope ) 1) and P2. When P1 exceeds
about 10 mW (peak intensity ≈ 2.4 GW/cm2), the depen-
dence changes to quadratic while it remains linear for P2

(inset in Figure 4a), as expected for 4WM. We note that a
small background signal, much weaker than the 4WM signal,
is observed when only E1 is present (E2 ) 0) due to single
frequency (ω1 + ω1) TPEL.

Finally, we studied the polarization dependence of the
measured signal in the 4WM regime (Figure 4b). We first
measured the polarization of the 4WM signal which was

(EF)l ) ηin,1
4 ηin,2

2 ηout,4WM
2 (1)

FIGURE 3. (a) Measured 4WM signal as a function of the groove width
w and the grating period ΛG. The experimental data are normalized
to the 4WM signal obtained from an unpatterned gold surface and
show a maximum enhancement of ≈2000. (b, c) Simulated en-
hancement factor ηin,1

4 (b) and ηin,2
2 (c), evaluated 5 nm below the

groove bottom (see inset). (d) Simulated enhancement factor ηout,4WM
2 ,

evaluated by monitoring the power radiated by a small volume of
polarized medium (see inset and Supporting Information). Both ηin,1

and ηin,2 exhibit a maximum when ΛG ) λg,i, which explains the
variation of the 4WM enhancement with ΛG in (a). In (d), a higher
order surface waves coupling condition also appears for ΛG ) 2λg,4WM.
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found to be normal to the grating. We then inserted a
polarizer in both the input and output beam paths and
measured the variation of the 4WM signal when the sample
is rotated. Figure 4b shows that the measured 4WM signal
follows a cos8(θ) law, where θ is the angle between the
grating and the input and output polarizations (inset in Figure
4b). Physically, this dependence results from the fact that
only those components of the electric field which are
normal to the grating couple to the nanocavity grating
modes and therefore are enhanced by the structure. Thus,
each ηi varies as |cos(θ)|; hence the overall dependence
on cos8(θ) (see eq 1).

In conclusion, we experimentally demonstrated an en-
hancement by more than 3 orders of magnitude of the third-
order nonlinear response of gold by patterning the surface
with a grating of resonant plasmonic nanocavities. We
studied the influence of the grating period and explained the
observed features as due to excitation of surface waves
propagating at the corrugated interface, which strongly
enhance coupling of light into and out of the grooves. In
addition to 4WM and TPEL from the gold substrate, we
expect that other nonlinear optical phenomena can be
significantly enhanced by our structure. For example, the
nanocavities can be filled with molecules or materials of
interest, enabling potential applications to nanophotonic
devices, nonlinear optics, and spectroscopy.
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FIGURE 4. (a) Measured output power as a function of the incident
power P1 (log-log scale) for a typical nanogroove grating. Two
regimes are observed. The dependence is linear for low laser power
indicating that two-color TPEL is dominant. For higher laser power,
about 10 mW, it becomes quadratic, indicating that 4WM dominates.
Inset: Output power as a function P2 for P1 ) 20 mW. (b) Output
power when rotating the sample (all polarizations are kept fixed,
see inset). Squares represent experimental data (a, b) while the
curves are power laws in (a) and a cos8(θ) law in (b).
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