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Plasmon-Induced Enhancement of Nonlinear Optical Processes in a
Double-Resonant Metallic Nanostructure Grating

M. L. Noordam,1 J. Hernandez-Rueda,1 L. Y. Talsma,1 and L. Kuipers1, a)

Kavli Institute of Nanoscience Delft, Department of Quantum Nanoscience, Delft University of Technology, Lorentzweg 1,
2628 CJ Delft, The Netherlands

(Dated: 1 April 2020)

Nanostructured gratings in a metal surface can highly enhance nonlinear optical processes. The geometrical parameters
that characterize a grating can be optimized to achieve intense near-fields, which in turn enhance the nonlinear optical
signals. For a nonlinear process that involves multiple frequencies, like four-wave mixing (FWM), the optimization
of grating parameters necessary to enhance the radiation incoupling for both frequencies is not trivial. Here we pro-
pose, compute and experimentally demonstrate a grating design that is resonant to two excitation frequencies and thus
enhances the frequency mixing processes more efficiently. Second- and third-order nonlinear mechanisms are studied
using two spatially and temporally overlapped laser pulses with different frequencies. Using our grating design we
achieve an unprecedented nonlinear FWM enhancement factor of 7×103.

Since the first demonstration of second harmonic genera-
tion (SHG) in 19611, nonlinear optics has been studied ex-
tensively in a variety of materials. In particular, crystals have
often been used to generate and investigate nonlinear effects
due to their high nonlinear coefficients and wide frequency
range of transparency. More recently, the optical response of
metal/dielectric interfaces has attracted attention in the field
of nanophotonics2. The highly localized nature of physical
mechanisms at the surface of a metal typically leads to a lower
nonlinear optical response than the one observed in nonlinear
crystals resulting from a significantly reduced nonlinear in-
teraction length. However, the nonlinear optical signals from
a metal/dielectric interface can be greatly enhanced by em-
ploying nanostructures such as periodic arrays of cavities3–5

or gratings6,7 on a metal surface. When the geometrical pa-
rameters of such nanostructures match the wavelength of the
incoming light plasmonic resonances can greatly enhance the
local electric field near the surface increasing the nonlinear
response8,9. Due to the sensitivity of the nonlinear signal on
the geometric properties nonlinear optics on a surface can be
functionalized to probe nanoparticles10,11 or can be used for
biosensing applications12.

Various nonlinear optical effects that occur on a nanostruc-
tured gold film as a result of illuminating it with incident laser
beams at two frequencies ω1 and ω2 include: SHG, 2ω1 and
2ω2, sum-frequency generation (SFG), ω1 + ω2, third har-
monic generation (THG), 3ω1 and 3ω2 and FWM, 2ω1−ω2
and 2ω2−ω1. These nonlinear effects can be described using
the expansion of the nonlinear polarization up to third order,
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where En is the nth component of the electric field vector as-
sociated with the incoming laser beams illuminating the gold
film, ε0 is the vacuum permittivity and χ(m) is the mth-order
susceptibility, which is a tensor of rank m+ 1. The second
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(third) term on the right-hand side of eq. 1 corresponds to the
second (third) order nonlinear polarization. From equation 1
it follows that the nonlinear polarization vector scales with in-
coming electric fields of the nonlinear process, e.g. the SHG
nonlinear signal scales quadratically with the incoming elec-
tric field, while the FWM nonlinear signal depends on electric
fields with two different frequencies and scales quadratically
with one of them and linearly with the other.

It also follows from eq. 1 that the efficiency of nonlinear
optical processes will increase strongly by enhancing the lo-
cal electric field near the surface. Surface charge density os-
cillations at a metal/dielectric interface, often referred to as
surface plasmons, exhibit high local electric fields near the in-
terface. Therefore, coupling the incident light to surface plas-
mons will strongly enhance the electric near-field close to the
metal surface13. A grating can be used to couple the incident
laser light into different kinds of plasmons: localized surface
plasmons (LSPs) and surface plasmon polaritons (SPPs)14,15.
First, we consider the coupling of the incoming laser light into
LSP taking into account the geometry of an individual slit of
the grating. The slits can be treated as a metal-insulator-metal
cavity where the resonance condition depends on the depth
and the width of the slits. Secondly, the coupling into the
SPPs can be enhanced by optimizing the grating period. The
coupling of the incident laser light into plasmon modes that re-
sults of illuminating a grating with laser light depends on the
depth (d) and the width (w) of the individual slits and the grat-
ing period (Λg). Gratings that induce resonances have shown
large enhanced FWM7 and SHG16 signals, when compared to
the response of a flat metal interface.

The fact that the FWM generation efficiency depends on
two laser frequencies makes the optimization of the grating
parameters more intricate than for single-frequency based pro-
cesses. Double-resonant enhancement of FWM processes
have been shown in gold nano-antennas, which are resonant to
the two frequencies of the incoming beams17. Also, double-
resonant nanostructures have been demonstrated to enhance
SHG, where the nanostructures are simultaneously resonant
to the frequency of the incoming light and the frequency of
the second harmonic16,18,19. The nanostructured gratings in
the above-mentioned works were based on a geometry where
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individual grating slits were simultaneously resonant to two
different wavelengths. Next to experimental demonstrations
of double-resonant structures also theoretical simulations of
nonlinear optics in multi-resonant structures using 2D materi-
als such as graphene shows promising results20.

In this letter, we numerically compute and experimentally
demonstrate a double-resonant plasmonic coupling via the
enhancement of the FWM nonlinear optical process using a
double-resonant nanostructure design where two gratings in-
dividually resonant to a single frequencies are combined, as
depicted in Fig. 1(a). With finite-difference time-domain sim-
ulations (FDTD) simulations we study the near-field induced
around the gratings using both laser frequencies. Using the
simulations, we select optimal grating parameters to obtain a
reliable nanostructure design that is fabricated with focused
ion beam milling. We measure the nonlinear optical response
of several gratings by using two laser pulses with different
frequencies and observe FWM, SFG, SHG and THG nonlin-
ear optical signals. We demonstrate the superior performance
of the double-resonant grating on Au, reaching FWM yields
three orders of magnitude larger than those measured at a flat
air/Au interface. The FWM signals are readily observed by
the naked eye.

For each sample a 200 nm gold layer was deposited on a
glass slide using e-beam evaporation. The gratings are then
etched into the thin gold film using focused ion beam milling
(Helios, G4 CX DualBeam). A scanning electron microscope
image of a machined sample is presented in Fig. 1(b) where
the slits of alternating depth are clearly visible.

The optical nonlinear response of the nanostructured grat-
ings is studied using the setup schematically depicted in Fig.
1(c). We use a femtosecond laser oscillator (Spectra-Physics,
Tsunami) that generates pulses at a wavelength of 775 nm.
With a pulse duration of roughly 150 fs and an optical para-
metric oscillator (Spectra-Physics, Opal) that delivers pulses
at 1200 nm. A delay line is used to synchronize both beams
before focusing onto the samples using an objective lens
(Olympus UPlanSApo) to near-diffraction limited spot sizes
of approximately 2 µm. The same objective lens is used to
collect the generated nonlinear light. Due to a finite numer-
ical aperture of the objective lens (NA = 0.95) the nonlinear
light is detected up to a maximum angle (72◦). To filter out
the fundamental wavelengths while transmitting the nonlin-
ear light, we use a dichroic mirror and two band-pass filters
(Thorlabs, FGB37M). The spectra of the nonlinear light is
recorded with a high-sensitivity cooled CCD-based spectrom-
eter (SpectraPro 2300I).

Our double-resonant grating design combines two single-
resonant gratings that are resonant for different frequencies.
As shown in Eq.1, the nonlinear polarization is related to the
electric field strength through the nonlinear susceptibility. In
order to find the optimal single-resonant grating parameters,
w, d and Λg for which the individual gratings are resonant,
we simulate the electric field around the grating using FDTD
simulation7. First, we find only a minute dependence on the
slit width for all frequencies with a decaying local field en-
hancement for larger slit widths. Therefore, the slit width is
chosen to be w = 40 nm for both single-resonant gratings,

FIG. 1. (a) Illustration of the double-resonant grating nanostructures
gold sample. (b) Scanning electron microscope image of a cross-
cut of the double grating nanostructure taken at an angle of 52◦. (c)
Schematic of the optical setup. (d) Finite-difference time-domain
simulations of the electric field, normalized to the electric field of
the incoming beams. In the top map the double resonant grating
structure is illuminated with a wavelength of 1200 nm and probed at
1200 nm. In the middle map the grating structure is illuminated with
a wavelength of 775 nm and probed at 775 nm. In the bottom map
we illuminated the grating with both the 775 nm and 1200 nm beams,
the local field is evaluated separately at both wavelengths afterwards
these two images are merged together.

the smallest slit width that can be fabricated in a reproducible
manner. Secondly, we optimize the grating period and slit
depth to maximize the near-field intensity as function of the
frequency of the incoming light. The grating period is set to
be equal for both single-resonant gratings to avoid some slits
to overlap when the two gratings are combined. The grating
period of Λg = 470 nm for both single-resonant gratings, is
found to yield the optimal near-field enhancement upon 775
nm illumination. We choose the optimal value for the beam
at 775 nm since its contribution to the FWM intensity scales
quadratically with the laser intensity, while it scales linearly
for the laser intensity at 1200 nm. Lastly, we optimize the
slits depth where the simulations show a large influence on
the near-field intensity for different laser frequencies. Due
to this strong near-field dependence on the grating depth, the
depth of the slits is set different for the two overlapping grat-
ings. One grating has a depth of d1 = 75 nm optimized for
field enhancement at 775 nm and the other grating has a depth
of d2 = 155 nm optimized for field enhancement at 1200 nm.

After the optimisation of the grating parameters of the
single-resonant gratings for different wavelengths, we simu-
late the near-field around the double-resonant grating, which
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FIG. 2. (a) Finite-difference time-domain simulation of the real part
of the x component of the electric field, normalized to the electric
field of the incoming beam. The grating is excited with a wavelength
of 775 nm at a -40◦ angle (indicated with arrow). (b) Normalized
electric field as a function of incidence angle, determined 5 nm below
the flat Au surface at 7.2µm from the edge of the grating at two
incident wavelengths of of 775 nm (blue line) and 1200 nm (orange
line) respectively.

is the result of overlapping the single-resonant gratings opti-
mized for a wavelength of 1200 nm and 775 nm. Fig. 1(d)
presents false color maps of the near-field enhancement fac-

tor,
|E|local

|E|incoming
, around the nanostructured gratings that we

simulate using the FDTD method. When the double-resonant
grating is illuminated only with the 1200 nm wavelength light
source, we observe a local field enhancement (30×) in the
155 nm slits. For illumination with 775 nm, the local field
enhancement (30×) occurs in the 75 nm slits. It should be
noted that the off-resonant slits do not influence the local field
enhancement of the resonant slits upon single wavelength ex-
citation in the FDTD simulations. For example, when illu-
minating the double-resonant grating with only the 1200 nm
light the local field enhancement in the resonant slits of d1 =
155 nm is the same when the d2 = 75 nm slits are not present.
Finally, when both beams illuminate the hybrid grating struc-
ture, the simulations show local field enhancement in both
slits. This indicates that the designed grating can be used to
optimize the in-coupling of both wavelengths in order to en-
hance the nonlinear response.

While the double-resonant grating is optimized for the cou-
pling to LSPs it also couples the incident light into SPPs.
A grating couples light into SPP’s when, kSPP = kinc +mG.
Here, kinc = k0sin(θ) is the wavevector component of the in-
cident light parallel to the electric field. k0 = ω/c is the
wavevector in vacuum and θ is the angle of the incident
beam. kSPP = k0

√
εm(ω)/(εm(ω)+1) is the wavevector of

the SPPs, where εm(ω) is the real part of the dielectric con-
stant of gold. m is an integer and G = 2π/Λg is the wavevec-
tor of the grating. With Λg = 470 nm we calculate an angle

Enhancement d = 75 nm and 155 nm d =155 nm d =75 nm
FWM 7302 1138 8.5
SFG 12 8.7 0.6

TABLE I. Nonlinear optical enhancement of FWM and SFG nonlin-
ear optical processes for the double grating and individual gratings.

of incidence of -38.7◦ for an incoming wavelength of 775 nm,
well below the maximum angle of our objective (72◦). For
an incoming wavelength of 1200 nm there is no real angle for
which the wavevector equation holds. This means we can only
excite SPPs of 775 nm wavelength with the double-resonant
grating given the NA of the objective used. Fig. 2(a) presents
false color map of the real part of the x component of the local
electric field around the nanostructured grating that we simu-
late using the FDTD method. The grating is excited with 775
nm wavelength at an angle of -40◦. This map illustrate the
SSPs traveling on the gold surface when the double-resonant
grating is illuminated under a -40◦ angle. In Fig. 2(b) we used
a FDTD simulation varying the angle of the incident beam and
probing the local electric field 5 nm below the surface, 7.2µm
away from the grating. The simulation in Fig. 2(b) shows a
peak at -40◦ for a 775 nm wavelength excitation and no peak
for a 1200 nm wavelength excitation which is in good agree-
ment with the calculated angles.

Fig. 3(a) depicts the spectra collected from plain gold and
the double-resonant grating (note that the intensity is mea-
sured in electrical counts of the spectrometer). The peaks in
the spectra can be assigned to the nonlinear optical signals
corresponding to FWM (572 nm), SFG (472 nm), SHG775 nm
(388 nm) and THG1200 nm (400 nm). These spectra demon-
strate a clear enhancement of all nonlinear processes on the
designed grating when compared to that of the flat gold sur-
face. Fig. 3(b) presents the different signals as a function of
the time-averaged (CW) power of the incident beams. The
fact that in Fig. 3(b), we use a double logarithmic scale makes
monomial functions appear as straight lines in the plot. The
slopes of these lines correspond to the power order. To fur-
ther illustrate that the different nonlinear effects scales with
the same power as predicted by Eq. 1 we fitted the data with
monomial functions of the first (orange lines), second (blue
lines) and third (pink line) order. We observe a linear be-
haviour of the SFG signal and a quadratic behaviour of the
FWM and SHG775 nm signals as a function of the power of
the 775 nm beam. Similarly, a linear behaviour of the FWM
and SFG signals and a cubic behaviour of the THG1200 nm
signal are observed as a function of the power of the 1200 nm
beam.

We investigate the nonlinear enhancements of both the
single- and double-resonant gratings as depicted in the inset
of Fig. 4. The spectra are presented in Fig. 4. The enhance-
ment factors of the nonlinear processes are obtained by divid-
ing the peak intensities by the one measured on a flat gold in-
terface. These factors are listed in Table I. The single-resonant
gratings exhibit FWM enhancement factors up to 1138 (d1 =
155 nm) and 8.5 (d2 = 75 nm). The double-resonant grating
exhibits a remarkable enhancement factor of 7× 103 for the
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FIG. 3. (a) Spectra of the generated signal on a gold surface (or-
ange) and the double nanostructure grating etched in gold (blue).
SHG775 nm, THG1200 nm, SFG and FWM are observed on plain
gold and the nanostructure. (b) Double logarithmic plot of the in-
tensity of the nonlinear signals in gold as a function of the power of
the incoming beams. The power functions of the nonlinear effects
appear as straight lines on the double logarithmic scale where the
slope corresponds to the power order of the nonlinear effect. Linear
(orange), quadratic (blue) and cubic (pink) monomial functions are
fitted through the data points.

FIG. 4. Semi-log plot of the spectra for the double grating nanos-
tructure and the individual gratings. The inset shows an illustration
of the measured gratings.

FWM emission and an enhancement factor of 12 for the SFG
emission. The observed enhancement in Table 1 demonstrates
the superior performance of the double-resonant grating over
the single-resonant gratings, as was expected from the near-
field simulations using the FDTD method.

Furthermore, we measured the enhancement factors of the

nonlinear processes depending on a single frequency i.e.,
SHG775 nm and THG1200 nm, which are respectively 234 and
13 for the hybrid grating. Interestingly, these nonlinear pro-
cesses also exhibit a higher enhancement using the hybrid
grating. We also measured lower nonlinear enhancements in
gratings with half of the period (Λg = 235 nm) and single slit
depths (data not shown) to confirm that the large enhancement
of the double-resonant grating is indeed not caused by the dif-
ferent grating period.

In contrast with previously studied double-resonant struc-
tures, our double-resonant grating enhances the incoming
electric field at different spatial positions for the different fre-
quencies. As a result, the overlap of the locally enhanced elec-
tric fields for the different frequencies is small. It is therefore
not straightforward why the FWM and SFG nonlinear signals
get enhanced by the double-resonant grating structure. Our re-
sults indicate an increased coupling to SPPs when the grating
slits are resonant with the incoming wavelengths and that the
nonlinear processes depending on two frequencies are medi-
ated by the SPPs. Therefore the nonlinear enhancement of our
double resonant grating structure is due generation of SPPs as
well as LSPs. We will refer to the combination of LSPs as
SPPs as surface plasmons.

To further illustrate and test the effect of the grating on
the nonlinear processes we investigate the dependency of the
FWM and SFG enhancement on the angle between the linear
polarization vectors of the beams. Maximum enhancement
is obtained when all incident polarization directions are per-
pendicular to the grooves. To underpin the plasmon-mediated
nature of the nonlinear processes, we measure the FWM and
SFG for different angles between the polarization direction of
the incident beams, see fig. 5(a) and (b). Fig. 5(c) and (d)
depict the FWM spectra collected from plain gold and from
the double-resonant grating, respectively. Analogously, fig.
5(e) and (f) depict SFG spectra measured at the plain gold in-
terface and at the double-resonant grating, respectively. The
spectra are acquired for parallel (blue lines) or perpendicular
(red lines) polarization directions. When illuminating plain
gold with a perpendicular orientation between polarizations
the resultant FWM signal is only a small fraction of the signal
generated with a parallel orientation between polarizations as
depicted in fig. 5(c). However, for the double-resonant grating
the nonlinear signal of the perpendicular orientation between
polarizations is almost the same as for the parallel orienta-
tion between polarizations, see fig. 5(d). The same amount of
incident light is coupled into surface plasmons via the double-
resonant grating because the electric field component perpen-
dicular to the grating axis is the same for both polarization
orientations. Therefore, the nonlinear signal generated by the
surface plasmons do not decrease. The SFG on plain gold
generated using the perpendicular orientation between polar-
izations illustrates that the nonlinear signal is roughly half of
the nonlinear signal using the parallel orientation between po-
larizations, see fig. 5(e). Because of the centrosymmetry
of the gold, the second-order nonlinear processes generated
by the transverse component of the focused laser beams are
very weak. Therefore, the second-order nonlinear signal gen-
erated by the longitudinal component of the tightly focused
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FIG. 5. Nonlinear optical responses of FWM and SFG where the po-
larization angles of the incident beams are parallel and perpendicular
aligned. The polarization angles used for the parallel and perpendic-
ular alignments are depicted in (a) on plain gold and in (b) on the
double resonant grating. The green arrow depicts the polarization
angle of the 775 nm incident light and the red arrow the polarization
angle of the 1200 nm incident light. In (c) and (d) the FWM nonlin-
ear signal is plotted when illuminating the plain gold and the double-
resonant grating, respectively. In (e) and (g) the SFG nonlinear signal
is plotted when illuminating the plain gold and the double-resonant
grating, respectively.

laser beams, directed out of the gold film, is more dominant
than the transverse component. The longitudinal component
is not affected by the orientation between the polarizations of
the incoming beams. Therefore, the SFG nonlinear signal is
not affected as much as the FWM signal by the orientation
between polarizations of the incoming beams. On the double-
resonant grating the SFG nonlinear optical signal behaves the
same way as the FWM signal for parallel and perpendicular
orientation between polarizations alignments.

In conclusion we demonstrate enhancements of second-
and third-order nonlinear effects depending on multiple fre-
quencies using a double-resonant grating design. In this
double-resonant grating two gratings with different slit depths
optimized for two different frequencies are combined. Local
electric field enhancements generated in the double-resonant
grating induce surface plasmons that generate second- and

third-order nonlinear enhancements of several orders of mag-
nitude. For the FWM nonlinear signal depending on two dif-
ferent incoming frequencies we observe an enhancement of
7×103 in the double-resonant grating.
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