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We design a periodic Au patch-shaped microstructure covering on an Si substrate. This microstructure exhibits a
designable near-infrared narrowband absorption from 1100 to 1500 nm. We investigate its absorption mecha-
nism by the metal-insulator-metal waveguide theory and find that the combination of the plasmonic effect and
cavity effect contributes an efficient absorption by calculating the electric field distribution numerically. We fur-
ther analyze the relationship between the absorption spectra and electric field distributions of the structure with
different patch lengths, by which we clarify why the narrowband absorption peak can be linearly shifted by
varying the length of the Au patch. © 2016 Optical Society of America
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http://dx.doi.org/10.1364/JOSAB.33.002149

1. INTRODUCTION

As an important component of nanophotonics, plasmonics has
become a hot research topic in recent years. The interaction
between electromagnetic radiation and conduction electrons
at the interface of a metal/dielectric is the core content of plas-
monics and usually needs a microstructure to help realize it
[1–4]. To study the process of the interaction between sub-
stance and energy at the microscale would tend to produce
some unexpected results. Most of plasmonics involve an optical
near-field enhancement phenomenon on the subwavelength
scale [5,6]. The essence of surface plasmon polaritons (SPPs)
is a surface wave propagating along the interface of a metal/
dielectric. Its penetration depth is limited by the kind of metal,
the kind of dielectric, and the wavelength of the incident
electromagnetic wave, and it is usually much smaller than
the wavelength of incident light. Studies have shown that
the penetration depth of the SPP on the metal side is only a
few dozen nanometers, and it is produced by near-infrared light
on a gold surface [7]. This means SPPs can confine the energy
of incident electromagnetic waves to a thin range near the inter-
face. This spatial compression of energy means plasmonics have
a high potential value in many fields, such as solar cells [8,9],
metamaterials [10,11], nonlinear optics [12,13], and surface-
enhanced spectroscopy [14,15].

Another high-profile attraction of plasmonics is they
can produce hot electrons efficiently through non-radiative
decay [16,17]. These hot electrons can cross the Schottky
barrier formed at a metal/semiconductor interface before

thermalization and can be injected into the conduction band
of a semiconductor, resulting in a photocurrent [7,16,17]. In
other words, the conversion of the light signal into a photocur-
rent can be achieved by the plasmonic effect, which provides a
very attractive pathway to realize a photodetector because its
response range is not limited by the band gap of longer semi-
conductors. Accordingly, many research groups have proposed
a variety of different metal/semiconductor microstructures to
achieve a photoelectric response. Among them, the semicon-
ductor Si is the most common substrate material [18,19].
As we all know, traditional Si-based devices are the most widely
used because of their outstanding merits, such as their low cost,
high performance, mature technology, and good compatibility.
But they also have an obvious shortcoming, which is that they
cannot absorb or respond to near-infrared light for wavelengths
longer than 1200 nm owing to their large semiconductor band
gap (1.12 eV) [20–22]. However, using plasmonics can effec-
tively solve this problem. For an Si substrate covered with a
metal microstructure, the factors limiting the photocurrent will
no longer be its band gap, but the Schottky barrier at the inter-
face of metal/Si. This offers the possibility to extend the re-
sponse range of silicon-based detectors [19].

An unavoidable issue is that the absorption is the premise of
efficient photoelectric conversion because it determines the
upper limit of the photoelectric response. Therefore, prior to
preparing the detector, exploring suitable microstructures on
Si substrates to improve their absorptance is required. Here,
we propose a periodic patch-shaped Au microstructure on
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an Si substrate. We find that unlike other nanoarrays or nano-
particles [23–26], it can implement a designable narrowband
absorption with an average absorptance around 75% in the
near-infrared region from 1100 to 1500 nm by changing
the Au microstructure size. A theoretical simulation indicates
that the proposed microstructure not only generates a plas-
monic effect, but it forms a cavity effect inside the grooves.
Detailed discussions on the absorption mechanisms are given.

2. METHODOLOGY AND MODELING

Figure 1 shows the designed model of a periodic patch-shaped
metal microstructure covering on an Si substrate. It consists of
two-dimensional grating-shaped Au patches with a small
air-space ratio, where we define the length (D) and the height
(H ) of the square Au patch to be the groove width (W ) be-
tween two patches. In addition, we define the lateral angle
(θ) of Au patch for the later discussion with an initial value
of 90°. Considering the narrow grooves between neighboring
patches, this nanoarray can also be treated as a structure con-
taining metal-insulator-metal (MIM) waveguides [27], so we
can do some mathematical descriptions with the MIM theory.
First of all, we give the resonance condition in these waveguides
[28],

2Dβ� ϕr � 2mπ; (1)

where β is a complex propagation constant, and m is the res-
onance order. ϕr is the phase shift of propagating waves at two
facets of the waveguide. According to this equation, we can
figure out m just by using the value of β. Fortunately, complex
propagation constant β can be obtained by solving the follow-
ing dispersion equations [28]:

ϵikm � ϵmki tanh�kiW ∕2� � 0

β2 − ϵik20 � k2i
β2 − ϵmk20 � k2m; (2)

where ϵi and ϵm are the dielectric constants of the insulator
and the metal, respectively. In this task, we have ϵi � 1 and
ϵm � ϵAu. k0 � 2π∕λ is the free space wave vector.
Additionally, the effective refractive index ne of the MIM wave-
guide can be defined as ne � β∕k0. In summary, we can get the
expression of resonance wavelength λr as follows:

λr � 2Dne∕�m − �ϕr∕2π��: (3)

Substituting ne and m into this expression will help us easily
obtain λr . What is more, we can use it to provide a quantitative
comparison and verification of the following simulations.

Subsequently, we use the finite-difference time-domain
(FDTD) method to do simulations for the characteristics of
the designed patch-shaped metal microstructures. Due to their
symmetry, we adopted a non-polarized plane wave as the inci-
dence source and set the periodic condition as the boundary con-
dition in the X and Y directions. However, we used the perfectly
matched layer (PML) condition in the Z direction in order to
facilitate the measurement of the reflectance (R) and transmit-
tance (T ) and to calculate the absorptance (A) as A � 1-R-T .
Meanwhile, we also adopted a high mesh accuracy (5 nm) to
guarantee the simulation’s convergence and verified its stability
by a series of repeated simulations. All the aspects mentioned
above should be paid attention to in modeling so we can ensure
the reliability of the following calculations.

3. RESULTS AND DISCUSSION

First, we simulated the influence of D on the absorption.
Figure 2(a) shows the near-infrared absorption curves with
different D from 550 to 750 nm when W � 50 nm and
H � 200 nm. All the absorption curves exhibit a narrowband
characteristic, and the widths of half-maximum universally are
about 100 nm, which is nearly three times smaller than the
absorption spectrum widths in some works [16]. With the
increase of D, the absorption peaks gradually shift to longer
wavelengths. On the basis of Eq. (3), the peak wavelengths
are assumed to be proportional to D, and we calculated the
resonance wavelength λr by the MIM theory to contrast it with
the results of the FDTD simulations. It should be noted that
the phase-shift term ϕr∕2π is included in the denominator of
Eq. (3), resulting in a great influence on λr , so it cannot be
treated as a constant for different D. Following the steps men-
tioned in Eqs. (1) and (2), we obtained the values of β and ne
with various systematic values of D, confirmed the resonance
order (m � 2), and got the values of ϕr∕2π when D �
500 nm (0.5359) and D � 750 nm (0.2594) as well. Based

Fig. 1. Diagram of periodic patch-shaped Au microstructure on Si
substrate.

Fig. 2. (a) Dependence of simulated near-infrared light absorption
on the length (D) of the square Au patch. (b) The relationship between
D and the absorption peak wavelengths calculated by Eq. (3) and the
FDTD simulations.
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on them, we figured out the other phase-shift values by a linear
fit, and then all the resonance wavelengths λr can be solved by
substituting ne with the phase-shift values we obtained.
Figure 2(b) shows the relationship between D and the peak
wavelengths we calculated by two methods. We can see that
the results provided by Eq. (3) are in agreement with the results
belong to the FDTD simulations, and the small deviations
could be induced by the inappropriate fitting method for
the phase shift. Clearly, the designed microstructure allows
us to easily shift the position of the absorption peak by
changing the structure size and therefore realize the designable
narrowband absorption characteristics. Additionally, a very
interesting phenomenon in Fig. 2(a) is that a secondary peak
appears in the shorter wavelength region near each main peak
in each absorption curve. Compared with the main peak, the
secondary peak has slightly broader absorption band but much
lower absorptance. Naturally, it can be regarded as the product
of the higher-order resonance. In fact, it can be proven that
there exists a fundamental resonance order in a longer wave-
length band (m � 1). However, its absorption peak is relatively
weak and outside of the scope of this paper, so we do not discuss
it in detail.

Figure 3 shows the longitudinal electric field intensity
distributions of the microstructure with D � 550 nm,
H � 200 nm, andW � 50 nm when the incident light wave-
lengths are at 1067 and at 1173 nm, which precisely corre-
spond to the positions of the secondary peak and the main
peak in the absorption curve of Fig. 2(a). As shown in
Fig. 3, the distribution details of the Au-Si interface indicate
that SPPs excited by the periodic Au microstructure compress
the energy in a very narrow range at the Au-Si interface and
form electric field intensity arrangements alternately by a nodal
distribution mode. Obviously, different distribution modes of
the electric field intensity are formed by the SPP at the different
wavelengths of 1173 and at 1067 nm. Here, we refer them to
Mode 1 and Mode 2; these actually correspond to the second
and third resonance orders. Mode 1 has a smaller number of
anti-nodes but each anti-node is longer, while Mode 2 has a
larger number of anti-nodes but they are shorter. It is a typical
relationship between the alternate energy distribution and the
waveguide mode or the resonance order [27]. Besides SPPs, the
cavity effect [29–31] is also induced in the narrow grooves be-
tween neighboring Au patches. The cavity effect can tightly
bound the energy of the incident light into the metal grooves

to realize a highly localized energy distribution and contribute
to efficient absorption [19]. Clearly, from Fig. 3, it can be seen
that the effect of the binding energy induced by the cavity effect
at the wavelength of the main absorption peak is more dom-
inant than that at the wavelength of the secondary absorption
peak. It is confirmed that the cavity effect plays a positive role in
the absorption of the microstructure.

For this patch-shaped metal microstructure, its electric field
intensity distribution mode exists in more than the one-dimen-
sional direction. Figure 4 shows the transverse electric field in-
tensity distributions of the microstructure at the Au-Si interface
with different D ranging from 500 to 750 nm, where H �
200 nm and W � 50 nm. The wavelengths of the incident
light correspond to the main absorption peak positions of
the microstructures. Obviously, the most significant point ob-
served from Fig. 4 is that all the electric field intensities have
almost the same distribution mode for the microstructures with
differentD, which means a similar mode of the standing wave is
formed even though D changes. For a given mode, with an
increase in D, the size of the anti-nodes also becomes large.
Combined with Fig. 2, in other words, the absorption peak
wavelength of the microstructure is proportional to the length
of each anti-node as well. The deeper physical reason can be
found in the resonance condition of Eq. (1), which provided
further support for the inference indirectly mentioned in the
preceding paragraphs.

In addition, we studied the influences ofW andH of the Au
patches on the near-infrared absorption of this microstructure
[Figs. 5(a) and 5(b)]. It can be seen that the absorption peak
wavelength is not sensitive to the changes of W and H , as
expected by Eq. (3). Moreover, we introduced the concept
of lateral angle θ, which is the angle between the sidewall of
the Au patch and the Si substrate (see Fig. 1), and investigated
its impact on the absorptance [Fig. 5(c)]. The absorption of the
designed microstructure is sensitive to the lateral angle, as re-
flected in the decreasing absorption peak and the slightly
shifting θ in the third diagram. In fact, Fig. 5(c) also implies
that we should estimate deviations of the prepared samples in

Fig. 3. Longitudinal (XY plane) electric field intensity distributions
of the microstructure with D � 550 nm, H � 200 nm, and W �
50 nm when the incident light wavelengths are at 1173 and
1067 nm. The distribution details at the Au-Si interface are also given.
The color bars stand for the normalized electric field intensity.

Fig. 4. Horizontal (XY plane) electric field intensity distributions
of the microstructure at the Au-Si interface with different D at their
main peak wavelengths, where H � 200 nm, W � 50 nm, and D
ranges from 500–750 nm. The color bars stand for the normalized
electric field intensity.
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advance, especially the lateral angle, because it is impossible to
achieve the ideal perpendicularity in the fabrication process.
Understanding this relationship between θ and the absorption
will be helpful in evaluating the unavoidable imperfection, and
in realizing this near-infrared narrowband-absorption micro-
structure experimentally.

Figure 6(a) shows a comparison between the absorption and
the maximum electric field intensity of the microstructure with
D � 550 nm, H � 200 nm, and W � 50 nm. Clearly, the
trends of the two curves are nearly identical. At the absorption
peak, its maximum electric field intensity is relatively stronger.
It can be speculated that the electric field intensity determined
its absorption spectrum, even the photoresponsivity. More con-
cretely, the structure’s photoresponsivity R�ν� can be expressed
by the following equation [16,18]:

R�ν� � A�ν�η1�ν�η2�ν�; (4)

where A�ν� is the optical absorptivity, which is determined by
the absorption spectrum and distributions. The absorption dis-
tributions can be calculated numerically by using the electric
field distributions in Fig. 3 and the following expression of
the local ohmic loss [18]:

Q�r;ω� � 1

2
ω Im�ϵm�jE⃗�r;ω�j2; (5)

where E⃗�r;ω� is the local electric field, and Im�ϵm� is the
imaginary part of the metal permittivity. From this expression,
it can be said that the electric field distribution directly
determines the level of absorption. Figure 6(b) shows the longi-
tudinal absorption distributions of the same microstructure
when the incident light wavelengths are at 1173 and at
1067 nm. Obviously, it has a strong absorption near Au surface,
especially near the Au-Si interface. This absorption distribution
is very helpful for the extraction of the photocurrent via hot
electron generation when the designed microstructure is used
as a photodetector [32]. It is mainly related to the concept of
η1�ν�, which represents the probability of hot electrons arriving
at the Schottky interface, and is determined by the generation
locations of the hot electrons. Only when the motion tracks of
the hot electrons fall within a specific cone determined by the
distance from the Au-Si interface, the mean free path of the hot
electrons and the Schottky barrier height [32], can they reach
the Au-Si interface and cross the Schottky barrier to be injected
into the conduction band of semiconductor, resulting in a
photocurrent. In other words, the shorter the distance from
the Au-Si interface, the greater the probability that hot elec-
trons arrive at the Schottky interface. Therefore, from the
photoelectric response point of view, the position near the
Au-Si interface is the main area to produce effective hot elec-
trons, and this absorption distribution is very advantageous to
extract the photocurrent efficiently. As for the coefficient η2�ν�,
it can be calculated by the following equation [16,18]:

η2�ν� � CF�hν − qϕB�∕hν; (6)

where CF is the Fowler emission coefficient, hν is the photon
energy, and qϕB is the Schottky barrier height between Si and
Au. In general, on the basis of the discussion above, the
designed structure can generate hot electrons primarily near
the Schottky interface, which is the best way to increase the
photoelectric conversion efficiency.

4. CONCLUSION

In summary, we have successfully demonstrated a near-infrared
narrowband absorption by using a periodic patch-shaped Au
microstructure covering on an Si substrate. A near-infrared
absorption band with a width of about 100 nm and an average
absorptance of 75% is designable from 1100 to 1500 nm for
different lengths of Au patches. Its absorption peak wavelengths
could be deduced by the MIM waveguide theory quantitatively,
which agreed well with the results of the FDTD simulations.
We confirmed that the energy was highly localized in the patch-
shaped Au microstructure by the plasmonic and cavity effects,
resulting in efficient absorption. Furthermore, we found that
the electric fields near the Au-Si interface had almost the same
distribution mode regardless of the length of Au patch, and
each anti-node’s length would change when length of the patch
varied, which agreed with the mathematical analysis above.
Accordingly, we can realize a linearly designable narrowband
absorption by varying the length of the Au patch in a periodic
patch-shaped Au microstructure covering on an Si substrate.
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