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A numerical investigation on the third-order nonlinear optical properties of a plasmonic system

composed by metal film-coupled nanowires is reported. The linear and nonlinear optical

characteristics are studied by finite-difference time-domain (FDTD) method. To substantially

improve the nonlinear effect, the geometric parameters of the system are carefully engineered to

excite strong plasmon gap resonance with dramatically enhanced electric field intensity at the gap

between the nanowires and the film. The third-harmonic generation (THG) property is examined

by nonlinear FDTD simulation. It shows that the THG efficiency estimated from the nonlinear

optical absorption can be �1� 10�5 under an incident power density of 5.2 GW/cm2. Plasmonic

resonance is necessary to achieve highly efficient THG since the system on resonance shows

the THG intensity 4 orders of magnitude higher than that of an off-resonance system. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4886409]

With the rapid development of nanofabrication tech-

nique, nonlinear effects of metallic micro/nanostructures

have attracted much attention, which significantly enrich the

applications of nanophotonic devices beyond the linear

systems.1,2 Metallic nanostructures support collective oscil-

lations of conduction electrons, i.e., surface plasmon polari-

tons (SPPs), which dramatically squeeze and localize the

optical energy within an ultra-small mode volume. The

efficient nanoscale light concentration facilitates the light

harness and enhances the nonlinear optical processes in

metallic nanostructures, including photovoltaic devices3–5

and second/third harmonic generation (SHG/THG).6,7

To get stronger optical harmonic generation, effective

nanodesign is usually a decisive factor since the nonlinear

susceptibility is inherently weak.8 SPPs provide therefore a

perfect means to fulfill the stringent requirement of strong

field localization and energy density concentration for effi-

cient nonlinear optical process. Early studies of surface

enhanced SHG considered a smooth/rough metal surface/

grating.9,10 Metallic nanostructures, including bowties, nano-

cups, and split-ring resonators (SRRs), were fabricated to

amplify various nonlinear optical effects. It was reported that

SHG efficiency from a doubly resonant metallic bowtie hole

array can reach 1.4� 10�8,11 while that from a nanocup

structure can be 1.8� 10�9.12 The SRR system obtains even

higher efficiency, i.e., 2� 10�6 (2� 10�7) for THG

(SHG).13 More recently, the third-harmonic-upconversion

from an indium tin oxide nanoparticle decorated with a plas-

monic dimer was fabricated by electron-beam lithography,

leading to efficiency up to 0.0007%.14

In this work, we propose a simple plasmonic gap system

composed by metal film-coupled nanowires (NWs),15 where

nonlinearities of both metal and gap material are employed

to enhance the THG efficiency effectively. Both linear and

nonlinear optical responses of the system are investigated

based on the finite-difference time-domain (FDTD) method

(Lumerical, Inc.). Benefiting from the examination of the lin-

ear response, the plasmonic resonance is carefully tuned by

engineering the NW radius and spacer thickness, resulting in

a local field intensity enhancement over 2500 times at the

target frequency (x). The nonlinear response with system pa-

rameters optimized from linear optical design is then studied

by a user-modified nonlinear electromagnetic simulation

code. It shows that the frequency-tripling efficiencies (from

x to 3x) evaluated from the system absorption and reflection

can be close to 1� 10�5 and 1� 10�6, respectively. Finally,

a detailed comparison between THG responses with on- and

off-resonance configurations is given, confirming the key

role of plasmonic resonance in enhancing the THG

efficiency.

A specific example of metal-film-coupled NWs is illus-

trated in Fig. 1. The NWs (radius: R) and metallic film are

made of gold,16 while the spacer is poly-methyl methacrylate

(PMMA, thickness: d) with the substrate of SiO2. The mate-

rial index is fitted in the simulation in a polynomial way with

material dispersion included. The period of NW array and

the thickness of gold film are 800 and 100 nm, respectively.

Only transverse magnetic (TM) incidence is considered in

order to excite the plasmon gap modes (transverse electric

incidence does not yield strong THG with the absence of

SPPs). Symmetric boundary condition is used, which can

accurately simulate the interested periodic system with a

much fast computational speed. As the localized SPPs occur

near the gap between the NWs and the metal film, the nearby
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mesh is set as fine as 1 nm in the simulation to render the

field distribution precisely. The narrow band light injection

is around the wavelength of 1.2 lm (x), which yields the

third-harmonic component at round 400 nm (3x).

In order to substantially enhance the THG process, the

electric field at x must be as strong as possible, which can

be realized by plasmonic designs. Therefore, the linear

response has to be first examined to quantify the local field

intensity at k¼ 1.2 lm. In the interested plasmonic system,

the strongly enhanced localized field is arisen from the plas-

monic resonance, which is in turn accompanied by the

absorption peaks under the extremely strong and in-phase

light-device coupling; therefore, we focus on the means of

spectrally positioning and maximizing the absorption

through linear optical design. By calculating the reflection

(Ref) and transmission (Tra) of the system through integrat-

ing the power density over the interface in the front and rear

sides and being normalized with respect to the source power,

Pabs can be calculated: Pabs¼ 1�Ref�Tra. Since the bot-

tom gold film is sufficiently thick, Pabs� 1�Ref.

Plotted in Fig. 2(a) shows how the Pabs can be tuned by

controlling R, where R is from 50 to 395 nm with equally

spaced 50 values, k is from 0.2 to 2 lm with equally spaced

400 values, and d¼ 5 nm. One can see that at Pabs> 80%

when k� 0.5 lm, almost independent of R due to the inter-

band absorption of gold. In longer wavelength regime (0.8 �
k � 1.5 lm), an absorption peak appears and red-shifts with

increasing R. For R� 200 nm, higher-order resonant modes

are excited and coexist with the low-order mode. It is thus

extremely important to determine R for the target wavelength

as the degree of field enhancement is strongly attributed to

the system absorption. For example, for a plasmonic reso-

nance at k¼ 1.2 lm, R¼ 250 nm has to be used. In Fig. 2(b),

the dependence of Pabs spectrum on the spacer thickness is

examined, where R¼ 250 nm and d is from 4 to 100 nm with

the step of 2 nm. It is obvious that the two low-order plas-

monic modes are excited simultaneously and show slight

blue-shifts with increasing d from 4 to 10 nm; however, fur-

ther increasing d does not noticeably shift the resonances

any more but greatly weakens the light absorptivity. This is

because: with the NWs moving away from the Au film, (1)

the effective index governing the plasmonic resonance is

decreased, leading to the blue-shifted resonance; (2) the

NW-film coupling is lower and the gap modes become much

weaker with a significantly reduced Pabs; (3) when d is large

enough, the presence of Au film does not qualitatively mod-

ify the environmental refractive index surrounding the NWs,

resulting in the stabilized resonant wavelength. The depend-

ences of Pabs at k¼ 1.2 lm upon R and d are displayed in

FIG. 1. Schematic sketch of gold film-coupled nanowires (radius: R) with an

intermediate spacer of PMMA (thickness: d). The TM-polarized light illumi-

nates the structure at normal incidence. (a) Three-dimensional view of the

whole structure and (b) cross-sectional view of one period.

FIG. 2. (a) and (d) Contour plot of Pabs [jEj/jE0j] versus NW radius and incident wavelength at d¼ 5 nm. (b) and (e) Contour plot of Pabs [jEj/jE0j] as versus

spacer thickness and incident wavelength at R¼ 250 nm. (c) and (f) Contour plot of Pabs [jEj/jE0j] versus nanowire radius and spacer thickness at k¼ 1.2 lm.

The electric field is taken from a specified point shifted horizontally by R/4 from the gap center.
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Fig. 2(c), showing that a narrow gap is desired for the strong-

est absorption.

The controllability of field enhancement jEj/jE0j by R
and d is further studied, where E (E0) are the spatially local-

ized (source) electric fields [Figs. 2(d)–2(f)]. The calculated

E is not the highest value in the system, but from a specified

point (by a point monitor) shifted horizontally by R/4 from

the gap center. This is to avoid using a high-dimensional

monitor with a huge amount of data, especially under such a

large number of parametrical sweeps. This treatment is

rational since the fields elsewhere show similar response

with varying R and d. According to Fig. 2, the electric field

behaves with a very similar manner as Pabs, showing that the

linear optical design based on Pabs is effective in finding the

best candidates for a strong nonlinear response.

According to Figs. 2(a)–2(c), a very strong Pabs at

k¼ 1.2 lm can be obtained by setting R¼ 250 nm and

d¼ 5 nm. The absorptivity spectrum is shown in Fig. 3(a),

where Pabs� 92% at k¼ 1.2 lm with another peak �54% at

0.85 lm. The corresponding spatial patterns of jEj/jE0j are

shown in Figs. 3(b) and 3(c), respectively. It is seen that the

maximal amplitude enhancement of the electric field at

0.85 lm is about 30 times, while it is over 50 times at

1.2 lm, i.e., leading to an intensity enhancement factor

(/jEj2) over 2500 for Fig. 3(c) and 900 for Fig. 3(b). These

patterns verify that the resonance occurring at 0.85 lm is ori-

ginated from the higher-order plasmonic mode with a lower

energy concentration, contributing lower nonlinear conver-

sion efficiency. Plotted in Fig. 3(d) is the field pattern of the

system under off-resonance condition, e.g., k¼ 1.5 lm. It is

obvious that the non-plasmonic field is much weaker, which

cannot guarantee a strong nonlinear process as discussed

later.

Realizing plasmon gap-mode-induced field enhance-

ment, we now turn our attention to the nonlinear optical

response from the system. The electric polarization can be

written as

~Pð~r ; tÞ ¼ e0v
ð1Þ � ~E þ e0v

ð2Þ : ~E~E þ e0v
ð3Þ ..

.
~E~E~E þ ::: (1)

The first term on the right side is the linear polarization,

while the rest represent the basic sources of nonlinear optical

effects under different orders. The values for v(n) with n> 3

are negligible due to the weak high-order nonlinearity.

Moreover, we choose not to contain the geometry-induced

weak second order contribution,17–19 since it does not notice-

ably affect the THG besides introducing more frequency

components. To fully using the strongly enhanced field

around the gap, nonlinearities of both Au and PMMA are

considered by v(3)¼ 7.56� 10�19 (4� 10�22) m2/V2 for

Au18 (PMMA).20

In our nonlinear simulations, a TM incidence with an

extremely narrow line-width (�5.3 nm) peaked at k¼ 1.2 lm

is used. This is necessary since the generated harmonics are

very weak compared to the source which therefore has to be

very spectrally clean. A broadband monitor covering

0.2–1.8 lm is used to detect the frequency components from

nonlinear processes. Moreover, the source intensity should

be well controlled with considering the damage threshold

(DT) of the system. As Au has a much higher DT than

PMMA,21 the latter determines the upper limit of the inci-

dent power density. However, quite different values of DT

for PMMA have been reported. For example, the single-shot

DT of PMMA at 1.06 lm is reported to be 13 GW/cm2 from

a 125 ps-wide pulse;22 DT up to 1550 GW/cm2 has been

shown in Ref. 23. Moreover, as we know DT is raised under

the illumination of a shorter laser pulse or a longer wave-

length, showing that the value of DT for the considered sys-

tem should be even higher. In addition, for the plasmonic

system, the localized field enhancement has also to be taken

into account since it yields strong local power density and

reduces the upper limit of the source intensity. With consid-

ering all these mechanisms as well as the experimental evi-

dence from Ref. 13, 5.2 GW/cm2 is thus believed to be a safe

power density without damaging the sample, although the

incidence can actually be stronger.

The nonlinear performance is evaluated through exam-

ining both the system reflection/transmission 21–23 and the

device absorption. Actually in a nonlinear system the light

FIG. 3. (a) Absorption spectrum for the

structure with R¼ 250 nm and d¼ 5 nm.

Cross-sectional views of electric field

enhancement at k¼ 0.85lm [(b), on-

resonance], 1.2 lm [(c), on-resonance],

and 1.5 lm [(d), off-resonance].
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absorptance is not straightforwardly accessible based on

Pabs¼ 1�Ref�Tra as in the linear treatment since the

source has a narrow band without containing the harmonic

components for a good signal-to-noise ratio. The power

absorbed has to be obtained by24

Pabs ¼
1

2

ððð
�

V

xe00jEj2dv; (2)

where e00 is the imaginary part of the material permittivity

and V is the device volume. Actually, evaluating the non-

linearity in terms of the device absorption can better

score the nonlinear generation capability since there is a

big discrepancy between the detected harmonic light in

reflection and that actually generated from the plasmonic

system.

In Fig. 4(a), the red/black curves illustrate the absorp-

tion/reflection spectra of THG. The peak at wavelength of

1.2 (0.4) lm is the fundamental (third-harmonic) component,

while that at 0.24 lm belongs to the 5th-order harmonic

component attributed to four-wave mixing, i.e., xþx
þ 3x¼ 5x. The inset in Fig. 4(a) shows the spectral details

around the THG peak. It is observed that the peak reflection

power of THG at 3x is over one order of magnitude smaller

than that of the absorption, due to the near-field nature of the

localized SPPs and the strong metallic parasitic absorption.

This brings an open and crucial question for plasmonic non-

linear systems, i.e., how to couple efficiently the generated

strong harmonic light out of the device and suppress the me-

tallic absorption loss,25,26 i.e., the key reason for the experi-

mentally observed low nonlinear generation efficiency.11,12

The source power density could be calculated as Px. Hence,

the ratio of P3x and Px produces the frequency conversion

efficiency of THG. Fig. 4(b) illustrates the THG efficiency of

absorption and reflection as a function of source power den-

sity. The THG efficiency of reflection can reach 1� 10�6,

while that of absorption can be close to 1� 10�5 when the

incident power density is 5.2 GW/cm2. Inset in Fig. 4(b) is

the spatial pattern of the third harmonic electric field from

nonlinear optical simulation, which inherits the character of

the x-component (Fig. 3) and confirms the importance of

resonance condition at x. These results indicate that the

metal film-coupled NW system can indeed significantly

enhance the THG through the strong field localization

enabled by plasmon gap mode.

We finally compare the THG performance of the system

under on- and off-resonance. According to Fig. 3, the plas-

mon gap mode resonance can be achieved at k¼ 1.2 lm

(on-resonance); nevertheless, much lower Pabs is observed at

k¼ 1.5 lm (off-resonance). In this simulation, two narrow-

band light sources with peak wavelengths at 1.2 and 1.5 lm

with an identical source intensity are introduced. The moni-

tor spectral band is from 0.2 to 1.8 lm with the system

configuration unchanged. Fig. 4(a) shows that, besides the

components at 1.2 and 1.5 lm, the corresponding third-

harmonic ones are observed at 0.4 and 0.5 lm, respectively;

moreover, the 3x intensity at 0.5 lm (off-resonance) is about

4 orders of magnitude lower than that at 0.4 lm (on-reso-

nance). In fact, the direct comparison between the 3x inten-

sity (Fig. 4) and the electric field enhancement (Fig. 3)

clearly reveals that the plasmon resonance plays a crucial

role in enhancing the nonlinear frequency conversion capa-

bility. In other words, with the nonlinear material predeter-

mined, the efficiency of nonlinear optical processes in

plasmonic nanostructures is mainly determined by how

strong the localized field can be achieved. This also points

out that the plasmonic structures such as metal nanocres-

cents27 and kissing cylinders,28,29 which have demonstrated

huge field enhancement, could give rise to even higher THG

efficiency.

In conclusion, the metal film-coupled nanowire system

has been studied using FDTD method, via which both linear

and nonlinear optical responses are calculated. Through care-

fully tuning the plasmon gap mode resonance and engineering

the NW-film gap, strong localized electric field is achieved,

which greatly enhances the nonlinear optical process. Our

nonlinear electromagnetic simulation shows that the THG

efficiency can be close to 1� 10�6 and 1� 10�5 evaluated

from the reflection and absorption spectra, respectively. The

comparison of the nonlinear response of the systems under

on- and off-resonance configurations reveals that plasmonic

resonance is extremely effective in enhancing the THG effi-

ciency. Moreover, we have addressed an important issue, i.e.,

the obvious discrepancy between the detectable reflection and

the device parasitic absorption, which constraints the nonlin-

ear conversion efficiency. This opens a question for the design

FIG. 4. (a) Absorption and reflection spectral response of the THG from the

gold film-coupled nanowires at d¼ 5 nm and R¼ 250 nm. The inset is the

spectral details around the THG peak. (b) THG efficiency of absorption and

reflection as a function of source power density. The inset is the electric field

distribution at third harmonic emission wavelength (0.4 lm).
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of systems with much improved out-coupling efficiency for

higher system performance.25,26
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