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A B S T R A C T

We design and investigate numerically a Si-based deep-trench microstructure covered with continuous thin gold
(Au) films. It breaks through the absorption limitation of Si material and greatly extends the near-infrared
(NIR) absorption range to 1500 nm. By the simulated distributions of electric-field intensity, we observe clearly
the excitation of surface plasmon polaritons and the standing wave resonance of plasmon cavity formed inside
the deep trench, by which we explain the extending broadband NIR absorption well. We further discuss the
influence of trench depth on the cavity mode and NIR absorption in detail. By combination of the proposed
microstructures, it is a promising approach to realize an extending broadband and high NIR photoresponse in
Si-based detectors.

1. Introduction

Compared with Ge and InGaAs semiconductor materials, develop-
ing a Si-based near-infrared (NIR) optoelectronic detector is more
attractive because Si is the most economical, technologically sophisti-
cated material with the highest crystal quality [1]. But Si has less
absorption in the NIR region more than 1100 nm due to its wide band
gap of 1.12 eV, which limits its optoelectronic applications within the
visible and NIR region less than 1100 nm [2,3]. It is well known that
surface plasmon polaritons (SPPs) based on metallic nanostructures
can enhance the absorption by harvesting incident light and boost the
performance of photoactive devices, such as solar cells [4,5], light
emitting diodes [6,7] and photodetectors [8,9]. In particular, the
extremely attractive point of SPPs is that it can break through the
band-gap limitation and extend the intrinsic absorption region of
materials, resulting in an extending photoresponse range of semicon-
ductor detectors [10–15].

Recently Knight et al. have demonstrated that Si-based device was
capable of absorbing and detecting light well below its band edge by
combination of plasmonic metallic nanoantennas patterned on Si
substrate [16]. Generally, photons coupled into a metallic nanoantenna
excite SPPs, which can either decay radiatively into re-emitted photons
or nonradiatively into energetic electrons, namely hot electrons
[10,11,16,17]. When hot electrons cross the Schottky barrier formed
at metal/Si interface before thermalization, they can be injected into

the conduction band of Si, resulting in a photocurrent generation. In
this case, the photoresponse range of Si is no longer limited by the band
gap, and therefore Si-based device can realize the NIR photoresponse
below its band edge. After that the extending NIR detection are also
realized on Si-based device via random sized plasmonic nanoantennas
and gratings [9,18–21]. According to these reports, the design of
metallic nanostructures has a crucial influence on the extending
photoresponse. For example, the internal quantum efficiency of Si-
based detectors with metallic gratings is 0.2%, much higher than that
(0.01%) with metallic nanoantennas because a stronger resonant
absorption occurred in metallic grating structures [19].

In this study we design a Si-based deep-trench microstructure
covered with continuous thin gold (Au) films. We demonstrate that this
kind of microstructure allows for the excitation of broadband SPPs and
the standing wave resonance of plasmon cavity formed inside the deep
trench, consequently resulting in a greatly broadband and high NIR
absorption within the extending range from 1000 nm to 1500 nm. We
further discuss the cavity mode and NIR absorption in the micro-
structure with different trench depth by simulating the distributions of
electric-field intensity (E). By combination of the proposed micro-
structures, it is expected that Si-based detectors are greatly potential to
realize a broadband and high photoresponse in the extending NIR
range from 1000 nm to 1500 nm.
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2. Modeling calculation

A three-dimensional finite difference-time domain (3D-FDTD)
algorithm is used to make a simulation study on the designed deep-
trench microstructures. The three-dimensional and cross-sectional
diagrams of Si-based deep-trench microstructure is given in Fig. 1. It
is composed of periodically arranged square-trench arrays. The side
length of square trench is 0.7 µm, and its period is 0.95 µm. The trench
depth is D as a variable parameter. The top of the microstructure
surface, the bottom and sidewalls of the deep trench are all covered
with a layer of thin Au films. The Au film thickness on both top and
bottom is 30 nm, and the sidewall inside the deep trench is 15 nm.
Here, it is noted that we choose two different Au film thickness. This is
because that when it is deposited on the deep-trench microstructure by
a physical-vapor-deposition method such as thermal evaporation and
magnetron sputtering, the thickness of Au film on the sidewall will be
always thinner than that on the top surface due to the shadowing effect
from oblique incident atoms. When the designed deep-trench micro-
structure is used to prepare a photodetector, it is helpful for the
photocurrent extraction because the large-area continuous Au films on
the surface can be acted as metal electrodes.

3. Results and discussions

Fig. 2 shows the NIR light absorption of D=2.4 µm. The absorption
spectra are extracted by the formula of A=1-R-T, where A is absorp-
tance, R is reflectance and T is transmittance. Obviously the deep-
trench microstructure exhibits a very broadband and high absorption
with a peak value of 98% and an average value of 82% in the NIR region
from 1000 nm to 1500 nm. It is known that traditional Si has less
absorption in the NIR region more than 1100 nm due to its wide band

gap of 1.12 eV, while the designed Si-based microstructure breaks
through the absorption limitation of Si material and greatly extends its
NIR absorption range to 1500 nm. Fig. 3 shows the NIR light
absorption as a function of D, from which we would like to illustrate
how dominant the influence of D on both the band width and the
intensity of NIR absorption is. When D=0.2 µm, the trench micro-
structure is very shallow, and a narrowband absorption with a peak
value less than 60% is observed at 1150 nm. With a gradual increase in
D, an exciting phenomenon occurs. The NIR absorption is enhanced,
and more importantly, the absorption bandwidth is drastically broa-
dened. The deeper the D is, the broader the absorption bandwidth
becomes. It completely changes to a broadband absorption in the deep-
trench microstructure from a narrowband absorption in the shallow-
trench one. This indicates that D makes a crucial contribution to both
the band width and the intensity of NIR absorption. In addition, Fig. 4
shows the influence of period size on the absorption of designed
microstructure with D=1.2 µm. With an increase in the period size, the
absorption bands shift to longer wavelengths gradually, which is a
general phenomenon presented in many microstructures [16,22].
Simulation results indicate that the red-shift is mainly caused by the

Fig. 1. Three-dimensional and cross-sectional diagrams of Si-based deep-trench microstructure.

Fig. 2. NIR light absorption of Si-based deep-trench microstructure with D=2.4 µm.

Fig. 3. NIR light absorption as a function of trench depth.
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increased surface reflection in the shorter-wavelength region.
In order to clarify the origin of NIR absorption, and in particular

the distinction between shallow and deep trench microstructures, we
compare the electric-field (E) distributions in the trench microstructure
with different D. Fig. 5 shows the cross-sectional E distributions at the
incident wavelength of 1150 nm and 1250 nm when D=0.2 µm and
0.6 µm, where the color bars are consistent and the highlighted areas
represent that E is stronger than others. The polarization direction of
incident light is along the X axis. In the case of shallow-trench of
D=0.2 µm, the microstructure only has a strong binding effect at the
short wavelength of 1150 nm. It is worth noting that E mainly
converges in the top interface and vertexes of shallow trench. While
at long wavelength of 1250 nm, E convergence not only disappears in
the top interface, but becomes relative weak in the vertexes. Thus it
only exhibits a narrowband absorption in the shallow-trench micro-
structures of D=0.2 µm in Fig. 3. Completely different with shallow-
trench microstructures, in the case of deep trench of D=0.6 µm, strong
convergence of E distributes at 1150 nm not only in the top interface of
shallow trench, but deeply inside the sidewall region of the trench. In
particular, strong convergence of E inside the sidewall region becomes
more dominant at 1250 nm. Thus it exhibits a broadband absorption in
the deep-trench microstructures of D=0.6 µm in Fig. 3. By a compar-
ison of the dependence of both absorption and E distributions on D in
Fig. 3 and Fig. 5, we can conclude that the broadband and high
absorption in the NIR region is mainly attributed to strong E
convergence inside the sidewall region of deep trench.

In deep-trench microstructures, we consider that the SPP excitation
at metal/dielectric interface leads to strong E convergence. SPPs
excited in variety structures have been reported [23–26], which can
confine energy of incident electromagnetic wave to a thin range near
the metal/dielectric interface. The spatial compression of energy
induces that the plasmonics have a high ability in light trapping
[11,27]. Generally, SPP excitation contributes a narrow band absorp-
tion [16,18,19]. By contrast, in this study a very broadband absorption
is achieved in deep-trench microstructures, which should be originated
from the plasmon cavity effects formed inside the deep trench. In order

to clarify this, in Fig. 6 we present the cross-sectional E distributions
with a plasmon cavity behavior around 1250 nm, 1400 nm and
1500 nm in the deep trench of D=2.4 µm. Very different from the
similar deep-trench microstructure reported by Liu et al. [28], the
resonance phenomenon of multiple SPP cavity modes was not ob-
served. Plasmon cavity is similar to the plane-wave cavity, except that
plane-waves are replaced with SPPs [29–32]. The resonant modes of
plasmon cavity are formed by the interference of forward and backward
propagating waves and are determined by the dispersion relation of the
waveguide and the phase shifts at each end [32]:

k h φ φ m2 + + = 2 πsp 1 2

where ksp is the wave vector of the surface plasmon wave, h is the
length of the cavity, φ1 and φ2 are the phase changes at the top and
bottom boundaries, and m is the resonance order. From this equation,
we can see that the longer h is, the higher order resonant wave can be
excited. E distributions in Fig. 6 from FDTD calculations visualize the
characteristics of plasmon cavity, and it obviously exhibits a standing-
wave resonance behavior of plasmon cavity. Similar standing-wave
resonance of plasmon cavity has been studied by Zhu et. al. [33], which
can offer the simultaneous excitation of broadband SPP modes and
therefore an efficient plasmon-induced transparency. Bora et. al. also
reported a plasmonic resonant nanocavities [32], resulting that addi-
tional harmonics can be excited at higher frequencies extending the
absorbance range to multiple wavelengths.

It can be seen clearly from Fig. 6 that the shorter wavelength is, the
higher order the standing wave becomes. The zeroth order standing
wave is located around the longer wavelength of 1500 nm while the
higher order around the shorter wavelength of 1400 nm and 1250 nm.
Fig. 7 shows the cross-sectional E distributions in the trench of
D=0.6 µm, 1.2 µm and 2.4 µm, respectively. All of them exhibit the
zeroth order standing wave resonance of plasmon cavity, but the
resonance wavelength is different. As D increases, the resonance
wavelength of the zeroth order cavity mode becomes longer, and
therefore higher order cavity modes are excited inside the deep trench
(see Fig. 6). Contrarily, in the shallow trench of D=0.2 µm, the
standing-wave resonance cannot be excited (see Fig. 5) due to too
shallow depth. In another word, the deeper the D is, the higher order
the cavity mode has. The deep-trench microstructures allow the
existence of multiple SPP cavity modes, resulting in a broadband
absorption. That is why the absorption bandwidth in Fig. 3 becomes
broad greatly with D increasing. Because SPP is excited on metal films,
when we removed the Au films on the sidewall region we found that
SPP cannot be excited and standing wave resonance cannot be formed
inside the deep trench like that with all Au films. In this case, the
microstructures have a very weak ability to converge and trap the
energy of incident light inside the deep trench. Thus, we believe that
the standing wave resonance of plasmon cavity formed inside the deep
trench contributes dominantly to the broadband high NIR absorption
in the deep trench microstructures.

4. Conclusion

In summary, we have demonstrated an extending broadband NIR
absorption by using a Si-based deep-trench microstructure covered
with Au films. It breaks through the absorption limitation of Si and
greatly extends its NIR absorption to 1500 nm. We found that the NIR
absorption bandwidth and its intensity drastically increased when the
trench became deeper. By an analysis of electrical-field distributions,
we concluded that the broadband NIR absorption were mainly
attributed to the excitation of SPPs and the standing wave resonance
of plasmon cavity formed inside the deep trench. With an increase in
the trench depth, higher order standing waves can be excited, resulting
in a very broadband and high absorption with a peak value of 98% and
an average value of 82% in the NIR region from 1000 nm to 1500 nm
in the microstructures with the trench depth of 2.4 µm. By combination

Fig. 4. The influence of period size on the absorption of designed microstructure with
D=1.2 µm.
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of the proposed microstructures, it is expected that Si-based detectors
are greatly potential to realize a broadband and high photoresponse in
the extending NIR region from 1000 nm to 1500 nm.
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