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a b s t r a c t

We numerically investigate second harmonic generation from gold gratings of an ideal rectangular and ladder-
shaped cross-section. The SHG efficiency from the gold gratings of the ladder-shaped cross-section is significantly
enhanced compared with that from the ideal rectangular cross-section with a maximum enhancement factor of
around two. The enhancement is ascribe to the nanostructure dependent local fundamental electric field, the
nonlinear sources and thus the far field radiation. Our results have a practical meaning in the explanation of
experimental SHG measurement, and the modulation of SHG response in the metallic nanostructure.

1. Introduction

Metallic nanostructures have distinct advantages compared with
traditional dielectric materials on nonlinear optical effects. Besides
the metallic nanostructure itself possesses a large nonlinear suscep-
tibility [1], the light of resonance frequency can be highly confined
around the metal to produce a strong local electromagnetic field to
enhance nonlinear response [2,3]. In addition, the resonance frequency
can be changed by the variation of the geometric structure, and thus
the nonlinear response, that shows good tunable property for metallic
nanostructures [4]. In recent years, nonlinear optical effects in diverse
metallic nanostructures have been widely studied, such as second
harmonic generation (SHG) [5,6], third harmonic generation (THG) [7],
four-wave mixing [8] and multiphoton excited luminescence [9,10].

SHG is a nonlinear optical process of two photons combining into
one photon of a double-frequency. Metal of symmetry structure brings
about SHG appearing on the surface of metal and not in the metal
inside [11,12]. SHG becomes a powerful tool of studying metallic nanos-
tructures and has a wide range of practical applications. For example,
the SHG images are used to detect microstructure information [13]. And
it is also used in biological and chemical sensing [14].

Generally, preparations of metallic nanostructures have two ways,
which are using the state-of-art nanofabrication technique and chemical
growth. When we experimentally prepare samples, the emergence of
geometric defects which deviate from the designed ideal structure is
inevitable. The previous studies show that a minor difference between
actual structure and ideal structure indeed have a great impact on the
linear and nonlinear optical effects [15–18].

One dimensional grating with a periodic structure in one direction is
a simple and very useful nanostructure in nano-photonics and diffractive
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optics. In the past, a number of studies have been done on the linear
and nonlinear optical properties of gold grating [19–21]. However,
the actual structure of geometric defects of the grating is not fully
considered and discussed. In this paper, we numerically investigate the
impact of the deviation of rectangular gold grating on linear and SHG
response. Especially we focus on the gold grating of ladder-shaped cross-
section, which is the most common derivation in the nanofabrication.
Our results show that the geometry defects of gold grating can cause a
large change in SHG response.

2. Numerical model

An equation of conduction electrons to electromagnetic field inside
metal can be calculated by [21,22]

𝑚𝑒
𝜕𝐯
𝜕𝑡

+ 𝑚𝑒(𝐯 ⋅ ∇)𝐯 + 𝐯𝛾 + 𝑒(𝐄 + 𝐯 × 𝐁) = 0 (1)

where 𝑚𝑒 is the mass of conduction electrons and e the charge of
electron, v the speed of the electronic, 𝛾 the electron collision rate,
the E and B are electric field and magnetic field, respectively. Current
density in the metal 𝐉 = 𝜌𝐯 and 𝜌 is electric charge density. The Maxwell
equation for the fundamental frequency can be written as [23]

∇ × ∇ × 𝐄(1) − 𝑘20𝜀(𝜔0)𝐄(1) = 0 (2)

where E(1) is the electric field at fundamental frequency, 𝑘0 is the
wave vector of incident wave. 𝜀(𝜔0) is the dielectric constant under
the fundamental angular frequency 𝜔0, 𝜀(𝜔0) = 1 in the air domain,
and 𝜀(𝜔0) = 1 − 𝜔𝑝∕

[

𝜔0(𝜔0 + 𝑖𝜏)
]

in the gold domain with 𝜔𝑝 and
𝜏 are the bulk plasma frequency and collision frequency of gold,
respectively [24].
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Fig. 1. The schematic diagram of cross section of periodic gold grating and
setting up of our simulation. The cross section of periodic gold grating with
defects 𝛥𝑤𝐿 and 𝛥𝑤𝑅. P is the period of the grating, w and hb are the width
and height of the gold part of grating, respectively. ℎ𝑎 is the thickness of gold
substance. The wavelength of the incident fundamental of transverse magnetic
(TM) polarization is 1064 nm of the angle of incidence 𝛼, and the components of
wave vector 𝑘0 and electric field 𝐸0 at 𝑥- and 𝑦-direction are specified. The laser
intensity 𝐼0 is around 1.67 × 106 W/m2, or electric field 𝐸0 = 1.54 × 104 V/m.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

The equation for second harmonic generation under the undepleted
pump approximation can be written [21]

∇ × ∇ × 𝐄(2) − 4𝑘20𝜀(2𝜔0)𝐄(2) =
2𝑖𝜔0𝜏𝑢0
1 + 2𝑖𝜔0𝜏

𝐒(2) (3)

where 𝐒(2) = 𝑒
𝑚 (𝜌

(1)𝐄(1) + 𝐉(1) × 𝐁(1)) + (𝐉(1) ⋅ ∇)𝐯(1) + 𝐯(1)(∇ ⋅ 𝐉(1)) is the
nonlinear driving force, 𝑢0 is the vacuum permeability, 𝜀(2𝜔0) is the
dielectric constant at the SHG frequency.

We use the finite element method to solve the above Eqs. (2) and
(3) for the linear and SHG response. The two equations are coupled by
the nonlinear driving force S(2). The steps for solving Eqs. (2) and (3)
are briefly described as follows. We built one period of the grating as
the simulation domain, as shown in Fig. 1. The Bloch–Floquet boundary
conditions were used to describe the periodicity for fundamental and
SHG wave propagation. The top and bottom boundaries of the domain
were set as port boundaries. The top port in the air domain was specified
as the fundamental excitation of Eq. (2). Under the angle of incidence
𝛼, the components of wave vector 𝑘0 and electric field 𝐸0 of transverse
magnetic polarization (TM) polarization at 𝑥- and 𝑦-direction were
specified, as shown in Fig. 1. The fundamental field E(𝟏) in the domain
and the reflection were obtained by first solving Eq. (2). We then took
the result of E(𝟏) into the S(𝟐) term of Eq. (3), which can be treated as the
weak contribution in the finite element method. We finally got the SHG
field E(𝟐) and the power of SHG by solving Eq. (3). In our calculation,
we only emphasis on the zeroth order diffraction. In order to avoid the
divergence of the numerical calculation, we set the right angle of grating
into fillet of radius 5 nm. We emphasis that the fillet has no influence
on our conclusions.

3. Results and discussion

The schematic diagrams of cross section of the periodic gold gratings
are depicted in Fig. 1. We design the structure of a period 𝑃 = 600 nm,

Table 1
The maximum values of the SHG power from the nanostructures.

Geometric structure Maximum value of SHG (W)

𝛥𝑊𝐿 = 𝛥𝑊𝑅 = 0 2.56 × 10 −14

𝛥𝑊𝐿 = 𝛥𝑊𝑅 ≠ 0 4.06 × 10 −14

𝛥𝑊𝐿 ≠ 𝛥𝑊𝑅

𝛥𝑊𝑅 = 0, 𝛥𝑊𝐿 ≠ 0 3.11 × 10 −14

𝛥𝑊𝑅 ≠ 0, 𝛥𝑊𝐿 = 0 4.71 × 10 −14

𝛥𝑊𝑅 = 5 nm, 𝛥𝑊𝐿 ≠ 𝛥𝑊𝑅 3.19 × 10 −14

𝛥𝑊𝐿 = 5 nm, 𝛥𝑊𝐿 ≠ 𝛥𝑊𝑅 4.28 × 10 −14

gold grating of a fill factor 50% with 𝑤 = 300 and ℎ𝑏 = 35 nm, the
thickness of the gold substance ℎ𝑎 = 200 nm (Fig. 1). Meanwhile, we
define the distance that the left side deviates from the ideal situation
as 𝛥𝑤𝐿 and the right side 𝛥𝑤𝑅 (Fig. 1). The gratings are fabricated
on the silica substrates and surrounded by the air. The light of the TM
polarization is used to excite the surface plasmon resonance (SPR). The
wavelength of incident fundamental light is 1064 nm and the intensity is
around 1.67 × 106 W/m2 (the corresponding electric field 𝐸0 is around
1.54 × 104 V/m).

We first study the linear and SHG response from the ideal gold
grating by numerical calculation. The linear optical reflection closes
to zero when the angle of incidence is 49.15◦ (Fig. 2(a)), indicating
the surface plasmon resonance (SPR) condition is satisfied. The local
electric field at the SPR angle is depicted in Fig. 2(b), with the maximum
enhancement factor of about 30 around the two top side corners of
gold grating. The result of SHG power versus of angle of incidence is
shown in Fig. 2(a), which clearly exhibits clear resonant enhancement
around the angle of SPR from gold grating. We notice that the angle
of SPR and the angle of maximum SHG output is not exact the same.
The minor difference (0.05◦) of the two angles is because the SHG
output is determined not only the local fundamental field but also the
diffraction efficiency at SHG wavelength of the grating. The maximum
SHG conversion efficiency is around 2.5 × 10−14 at the incident laser
intensity, i.e. 1.67 × 106 W/m2. Under the light intensity 4 × 1012 W/m2

as reported in Refs. [25,26], the SHG conversion efficiency of the gold
grating is around 5.7 × 10−8, which has the same order compared with
the SHG conversion from the metallic bowtie nano-apertures, and the
gold nanocups [26]. The local field distribution of generated second
harmonic field around the grating at the maximum SHG output angle,
along with the nonlinear driving force at 𝑥 direction, 𝑆𝑥, and at 𝑦
direction, 𝑆𝑦, are also plotted as in Fig. 2(c), (d) and (e), respectively.

In order to explore the influence of geometric defects on SHG
response, we designedly change the values of 𝛥𝑤𝐿 and 𝛥𝑤𝑅, which is
corresponding to the actual nanostructures prepared by the nanofabri-
cation technique. Next, we will study the two cases of geometric defects
in detail, one is to simultaneously change the 𝛥𝑤𝐿 and 𝛥𝑤𝑅, i.e. 𝛥𝑤𝐿 =
𝛥𝑤𝑅 ≠ 0, and the other is asymmetrical changes, i.e. 𝛥𝑤𝐿 ≠ 𝛥𝑤𝑅.

Under the first case, we simultaneously change the 𝛥𝑤𝐿 = 𝛥𝑤𝑅 = 5,
10, 15, 20, and 25 nm, respectively. The resonant angles of reflection
slightly shift to the right side with the 𝛥𝑤𝐿 = 𝛥𝑤𝑅 increasing (not
shown here). The SHG dependent on the angle of incidence from these
structures is shown in Fig. 3(a). It is clear that the maximum peaks of
SHG shift to the left side with the 𝛥𝑤𝐿 = 𝛥𝑤𝑅 increasing. It also can
be explained by the above statement on SHG from the ideal structure.
It is also clear that the output power of SHG is increasing with the
values of 𝛥𝑤𝐿 and 𝛥𝑤𝑅. Comparing the SHG from the ideal structure,
the maximum value of SHG from the geometry nanostructure of 𝛥𝑤𝐿 =
𝛥𝑤𝑅 = 25 nm is enhanced around twice, as shown in Table 1. In order to
explain such enhancement, we further study the near-field distribution
at fundamental frequency, the generated second harmonic field and
the nonlinear driving force at 𝑥 and 𝑦 directions from the defective
geometry nanostructures of 𝛥𝑤𝐿 = 𝛥𝑤𝑅 = 25 nm, respectively, as
shown in Fig. 3(b) to (e). We find that the nonlinear driving force 𝑆
has a significantly different distribution, including the magnitude and
the phase, comparing with that in ideal grating structure. The difference
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