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Abstract We design a deep-trench microstructure covered
with thin gold films to enhance near-infrared absorption of
silicon material. This deep-trench microstructure exhibits a
much higher absorption compared with plane nanoantenna
arrays. We investigate its absorption enhancement in detail
and find that the trench-shaped plasmonic waveguide greatly
contributes an absorption enhancement by concentrating light
effectively. Further, we clarify the influence of both trench
depth and gold films covering on different positions of deep
trench on the absorption. Finally, we use surface plasmon
polaritons offered by plasmonic waveguide to explain well
the significant enhancement of near-infrared absorption.

Keywords Near-infrared absorption . Deep-trench
microstructure . Plasmonic waveguide . Surface plasmon
polaritons

Introduction

Among all optoelectronic devices, silicon-based devices are
the most widely used because of their outstanding merits such
as low cost, high performance, mature technology, etc. But
due to their wide band gap (1.12 eV), the response range of
silicon-based optoelectronic devices focuses on the visible

spectrum mainly. It has no response on the near-infrared
(NIR) light with the wavelengths greater than 1200 nm, which
severely limits their applications in the NIR band. Now, the
optoelectronic devices of the NIR band are mainly using Ge,
InGaAs, and other compound materials, but these devices
have some shortcomings such as high cost, poor stability,
and complex process. Therefore, much attention is still paid
to improve the NIR light absorption of silicon-based materials
to extend their response range into the NIR region. In order to
realize this purpose, researchers have proposed several
methods. For example, some research teams used the fs-laser
processing technology to process a microstructure surface
with a cone-shaped structure arranged in an array [1, 2]. The
more important thing is that the high-energy fs-laser would
inject the supersaturated doping ion into silicon surface,
resulting in an improving absorption of the NIR light to extend
the NIR response of silicon optoelectronic devices [3–6].
Other research groups produced dot or rectangle metal nano-
antenna arrays on silicon surface [7–9], by which the excited
surface plasmon polaritons (SPPs) enhance the absorption of
NIR light, while the hot electrons generated by non-radiative
decay of SPPs pass through a Schottky barrier at the metal/
silicon interface into silicon conduction band; thereby, it forms
photocurrents to extend the NIR response of silicon optoelec-
tronic devices. However, this method has some weaknesses
such as small structural unit size, high-cost lithography pro-
cess, limitation to improve the absorption etc. Very recently,
Lin et al. have proposed a novel deep-trench microstructure
covered with a layer of gold film on silicon substrate [10].
This structure induces a cavity effect to enhance silicon ab-
sorption of NIR light greatly, which is ten times higher than
that by nanoantenna structures [10]. In addition, the size of
this deep-trench structure is large and consequently easy to be
fabricated; thus, this structure has great applied potential. But
so far, the further mechanism and decisive factors of infrared
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light absorption enhancement generated in the deep-trench
microstructure of silicon are still not clarified.

In this study, we design a deep-trench Si-based microstruc-
ture covered with gold films and discuss the distributions of
electric field intensity (E) in the deep trench and the influence
of trench depth on the NIR absorption in detail. We use a
plasmonic waveguide model to explain the simulation results.
Further, we discuss the influences of the different parts of the
gold film covering on the deep trench on E to clarify the
contributions of trench-shaped microstructures on the signifi-
cant enhancement in NIR absorption.

Modeling Calculation

A three-dimensional finite difference-time domain (3D-
FDTD) method is used to make a simulation study on the
deep-trench Si-based microstructure covered with gold films.
The three-dimensional and cross-sectional diagrams of micro-
structure are given in Fig. 1a, b, respectively. The microstruc-
ture of silicon surface is composed of periodically arranged
square trenches, whose side length is 0.8 μm, period is
1.2 μm, and depth is D as a variable parameter. The top of
the microstructure surface and the bottom and sidewalls of the

Fig. 2 a The dependence of
different depths (D) of trench
microstructures on near-infrared
(NIR) light absorption. The
vertical axis is simulated
absorptance (A). b, c, d, e Electric
field intensity (E) distribution
diagrams of trench
microstructures with different
trench depths (D) when the
incident wavelength is 1.5 μm.
The depths are 0.1, 0.3, 0.6, and
1.2 μm, respectively. The
polarization direction of the
incident light is along the X axis,
and the color bars (a.u.) are
consistent

Fig. 1 a Three-dimensional model diagram of deep-trench
microstructure; b Cross-sectional diagram of an unit of deep-trench
microstructure
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deep trench are covered with a layer of gold film. The gold
film thickness on both top and bottom is 30 nm, and the
sidewall is 15 nm. The designed deep-trench surface micro-
structure covered with gold films has two advantages: One is
that SPPs can be excited at the metal microstructure surface
[11–15] to enhance the absorption of NIR light; Another is
that by using this structure to prepare photoelectric detectors, a
large area of gold films on the surface can be acted as metal
electrodes, which helps contribute greatly to the extraction of
photocurrent [9, 10].

Results

Figure 2a shows the influence of D on NIR light absorption,
and the vertical axis is simulated absorptance (A). From
Fig. 2a, it can be seen that the absorption enhancement in
NIR light is strongly dependent on D. When D=0.1 μm, the
absorption of NIR light is enhanced, but its effect is very
limited, and this situation is similar to nanoantennas [10].
However, with an increase in D, the absorption of NIR light
dramatically increases.WhenD goes to 1.2 μm,A is saturated.
The average A in the wavelength range from 1.5 to 1.7 μm is
as high as 90 %, and its peak reaches 95 %.

In order to explain the influence of D on the absorption, we
drew E distribution diagrams of the trench microstructure with
different D when the incident wavelength is 1.5 μm, shown in
Fig. 2b-e. The polarization direction of the incident light is
along the X axis. Figure 2b-e shows the E distributions when
D=0.1, 0.3, 0.6, and 1.2 μm, respectively. The color bars are
consistent, and the highlighted areas show that E is greater than
others. It is worth noting that the energy in the cavity is not
evenly distributed but mainly concentrated in the vicinity of
two vertexes and side walls, similar to the results in the reports
of Ma et al. [15], Li et al. [16], and Zhu et al. [17]. With an
increase in D, the binding effect from the deep trench on the
electric field becomes obvious increasingly. This energy distri-
bution should have a very important influence on the high
absorption of NIR light. Significant absorption enhancement
in NIR light and the dependence of E on D mentioned above
should be attributed to the trench-shaped waveguide. Zhu et al.
have introduced a simple and efficient method to realize on-
chip plasmon-induced transparency in a trench-shaped plas-
monic waveguide [17]. In their report, the trench-shaped plas-
monic waveguide can offer wideband guided SPP modes. The
energy is mainly confined in the nanocavity and distributed
around two vertexes of the nanocavity [17].

Figure 3a shows the top-viewE distributions in the depth of
0.25μm for the deep trenchwithD=1.2 μm at the wavelength
of 1.5 μm. The polarization direction of the incident light is
along the X axis. Obviously, the energy near the upper side-
walls is greatly concentrated. As shown in Fig. 2b-e and
Fig. 3a, near the gold films on both upper sidewalls of deep

trenches, a large number of SPPs are generated and subse-
quently transfer the energy of incident light in the cavity.
Figure 3b shows the process diagram of the incident light

Fig. 4 The dependence of integrated electric field intensities (integrated
E) on different depths (D) of trench microstructures. The electric field
intensity is integrated along the side walls of trench microstructures

Fig. 3 a Top-view electric field intensity (E) distribution in the depth of
0.25 μm of the deep-trench microstructure at the wavelength of 1.5 μm.
The trench depth (D) is 1.2 μm. The polarization direction of the incident
light is along the X axis. b The process diagram that the incident light
energy is gathered and transferred by surface plasmon polaritons (SPPs)
offered by plasmonic waveguide
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energy gathered and transferred through SPPs offered by plas-
monic waveguide. This plasmonic waveguide structure plays
a role that generates SPPs rather than transmits them reported
in Refs. [18] and [19]. Significant enhancement in NIR ab-
sorption is originated from the impact including all above
processes. As a result, the converging light energy in the deep
trench is constantly coupled to the SPPs; leading to that, both
the reflection and transmission of NIR light are drastically
reduced, and consequently NIR absorption is significantly en-
hanced. Moreover, the wideband SPPs offered by the plas-
monic waveguide [17, 20] is the reason why the spectrum
region of high absorption is so large (1.5–1.7 μm).

Compared with the report of Lin et al. [10], we achieved a
wider spectrum with a higher absorption by optimization and
most importantly clarified the mechanism and decisive factors
of NIR absorption enhancement in detail.

Discussion

Efficient absorption of NIR light needs SPPs excited by the
plasmonic waveguide structures that confined energy near the
two vertexes of the cavities shown in Fig. 2b-e and Fig. 3a,
from which we can explain well that why A is saturated when

Fig. 5 a Cross-sectional
diagrams of deep-trench
microstructures with different part
gold films. b Near-infrared
absorptances of structure 1~6.
The vertical axis is simulated
absorptance (A). The reference
curve belongs to a structure
without any gold film
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D goes over 1.2 μm in Fig. 2a. When D is large enough to
contain the concentrated energy near vertexes, further increas-
ing D will be less effect on NIR absorption enhancement. To
verify this consideration, we make E values along the side
walls into a line integral, and give the dependence of integrat-
ed E on D in Fig. 4. In a range of wavelength from 1.45 to
1.7 μm, the integrated E increases with the increase of D.
Especially whenD=1.2 μm, its value is more than 100, much
larger than the former three, and about an order of magnitude
higher than the average integrated E for the trench with D=
0.6 μm. But when D continues to increase, the enhancement
of the integrals is not obvious. This result shows a good agree-
ment with the conclusion above.

In the following, we analyzed the impact of the gold films
in different locations in the deep trench on NIR absorption.
Here, we divide gold films into three parts: the top of the
microstructure, the bottom of the trench, and sidewalls, corre-
sponding to A, B, and C in Fig. 1b. Figure 5a shows the cross-
sectional microstructures with different part gold films at D=
1.2 μm.We conducted a simulation of these structures and got
their simulated A of NIR light shown in Fig. 5b.

From Fig. 5b, we can see some interesting information. The
structure 1 gets the highest A in a wavelength range from 1.5
to 1.7 μm, reachingmore than 80%. Two absorption curves in

the middle belong to structure 2 and 3. Their average absorp-
tances remain at around 40 %, respectively. The common
point of structure 1, 2, and 3 is that their trench sidewalls are
all under cover of gold films. In contrast, the absorptances of
the structure 4, 5, and 6 are very low. The common point of
them is the lack of gold films covering on the trench sidewalls,
which means gold films covered on the deep-trench sidewalls
have the significant contribution to NIR absorption.
Compared with other parts, the gold films covered on side-
walls are the foundation of high absorption. In addition, we
noticed that the absorptance of structure 1 is two times higher
than that of structure 2 and 3.We believed that it is because the
gold films covered on the top surface of microstructures can
improve the efficiency of exciting SPPs. The contribution of
SPPs generated by the large-area gold films covered on the top
surface to improving the absorption is not negligible. As for
the existence of relatively sharp peaks in absorption curves of
structure 2~5, we considered that they are caused by the
higher-order SPP modes [21].

Figure 6 shows E distributions of structure 1~6 in Fig. 5a at
the wavelength of 1.5 μm. The polarization direction of the
incident light is along the X axis, and the color bars are consis-
tent. By comparison, we can see that the gold films on the
trench sidewalls have the most important impact on E

Fig. 6 a, b, c, d, e, f Electric field
intensity (E) distributions of
structure 1~6 at the wavelength
of 1.5 μm. The polarization
direction of the incident light is
along the X axis, and the color
bars (a.u.) are consistent
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distributions. For the structure 1, 2, and 3 all with gold films
covering on the sidewalls, the electric field energy is concen-
trated closely on the upper sidewalls, but for the structure 4, 5,
and 6 without the gold films covering on the sidewalls gener-
ally do not have such a characteristic, by which it is confirmed
clearly that the gold films covering on the sidewalls are indis-
pensable to the plasmonic waveguide. Moreover, other group
has reported that standing waves were formed in different
modes between both sides of a gold trench, by which the ener-
gy redistribution in the cavity can be controlled [22]. This also
indicates the importance of the gold films on the sidewalls.

Conclusion

In summary, we have successfully demonstrated a significant
enhancement of near-infrared light absorption in silicon mate-
rial by using a deep-trench microstructure covered with gold
films. We found that the SPPs induced in the deep trench con-
tribute an absorption enhancement by concentrating the light
effectively, and gold films covering on the trench sidewalls
have the most significant contributions on the NIR absorption
compared with other parts. The highest average absorptance of
deep-trench covered with gold films was as high as 90 %, and
its peak reached 95 % in the wavelength range from 1.5 to
1.7 μm. Due to the SPPs offered by plasmonic waveguide that
can transfer the incident light energy, the deep-trench micro-
structures covered with gold films achieved a significant en-
hancement of near-infrared light absorption. By the deep-
trench structures, we provided a promising approach to extend
silicon-based optoelectronic devices to the near-infrared region.
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