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Abstract
Amethod for enhancing the excitation of a high-index nanowire with an added flat-ended head is
numerically investigated.With the assistant of aflat-ended head, the intensity and the powerflowof
the high-index nanowire illuminated under a planewave can be both enhanced.Our simulation shows
that the enhancement factor is influenced by the length and the refractive index of the nanowire, and
the size of the flat-ended head. The enhanced excitation of a silicon nanowire under a near-infrared
illumination by an added flat-ended head is studied. Finally, the enhanced excitation affected by the
incident angle is discussed.

1. Introduction

In the past several decades, nanowires have attracted considerable interest in nanotechnology [1–3]. Their cross-
sectional dimensions are tens to hundreds of nanometers and length is typicallymicrometers. Due to the high
large surface-to-volume ratio, nanowires can lead to strongly enhanced surface effects as compared to bulk
materials in optics [4]. This optical surfacefields can be used in nanoscale biomolecules sorting and sensoring
[5–9]. For the liquid surroundings, high-index nanowires should be employed to produce the evanescent fields.
High intensity excitation of the nanowire is important for improving the efficiency of optical sorting and
sensoring.

Recently years, a photonic nanojet with high intensity and narrow beamwaist produced by amicrosphere or
microcylinder has attracted lots of interests [10–13]. In [14], it showed that the structure supporting the
photonic nanojet had a high numerical aperture. Besides, it was showed that the dielectricmicrosphere with
low-numerical aperture could replace the 1.4 numerical aperture oil objective for quantumdot imaging in [15].
Considering free space light guided by a lens with a high numerical aperture into a fiber, the structure supporting
the photonic nanojet can be used for the guidance of free space light intowaveguides. On the other side, high-
index structures can produce an ultra-narrowphotonic nanojet, such as an engineered two-layermicrocylinder
of high refractive indexmaterials [16], a truncated high-index cylinder [17], and a high-index flat-ended
cylinder [18, 19].

In this paper, we present amethod for enhancing the excitation of high-index nanowires by adding aflat-
ended head. Atfirst, the enhanced excitation of the high-index nanowire is investigated by adding a circle head
and aflat-ended head. Then, the enhancement factor of the power flowof the nanowires influenced by the
length and the refractive index of the nanowires, and the size of the flat-ended head are studied. And the
enhanced excitation of a silicon nanowire by adding a designed flat-ended head under 1550 nm illumination is
presented. Finally, we study the influences of the incident angle on the enhanced excitation of the silicon
nanowirewith the designed head.
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2.Models andmethods

For reducing the computational complexity, a 2Dmodel is adopted in thewave opticsmodule of CMOSOL
Multiphysics [20], a commercial finite element software. As shown infigure 1, the incident wave is a plane wave
propagating along positive x direction, while its electric filed is chosen as TE-polarization. For theflat-ended
head, it includes two roundheads with the radiusR and one flat bodywith the length S. A nanowire is put at the
shadowof theflat-ended headwith the length set to L and thewidth chosen asw. Two cross sections are selected
for detecting the power propagating along positive x direction. One cross section at right side 500 nmof the
center of the nanowire ismarked as 1–1, and the other cross section at the right end of the nanowire ismarked as
2–2. The refractive index of the head and the nanowire is set to nc, and they are put in air with the refractive index
set to 1. The TE-polarized planewave, with awavelength ofλ=638 nmand intensityE0=1, is added into the
wavemodule as a backgroundfield. In order to obtain the computational validity, the perfectlymatched layer
absorbing boundary conditions are used around the simulated domain. To achieve simulation accuracy, the
maximumelement size of the free triangularmesh is chosen as 20 nm in the full domain. The intensity in this
paper is defined as the full electric field squared.

3. Results and discussions

Atfirst, we investigate the enhanced excitation of a nanowire by adding aflat-ended head. The results are shown
infigure 2. In our simulation, a nanowirewith nc=3, L=10μmandw=100 nm is selected. Two kinds of
heads are utilized, a circle onewith the radiusR=1μmand a flat-ended onewith the round radiusR=1μm
and the body length S=500 nm. Intensity distributions are shown infigure 2(a) for the single nanowire, in
figure 2(b) for the nanowirewith a circle head and infigure 2(c) for the nanowirewith aflat-ended head. In order
to clearly show the results, insert pictures picked out from the red dotted box are enlarged infigures 2(a), (b) and
(c), respectively. The detailed information of intensity distribution and powerflow inside of the red dotted box
along x direction (Px) at the nanowire center is shown infigures 2(d) and (e), respectively. By comparison, the
excitation of the nanowire is enhanced by adding a circle head or aflat-ended head. Infigure 2(d), it shows that
themaximum intensity enhancement factor can reach about 5 times than that of a single nanowire by adding a
circle head, while themaximum intensity enhancement factor is about 8 times for theflat-ended head. ForPx,
theflat-ended head canmake the enhancement factor reaching nearly 7 times shown infigure 2(e). The results in
figure 2 demonstrate that the flat-ended head is effective in enhancing the excitation of the nanowire.

Figure 1. Schematic of themodel: a nanowirewith a flat-ended head illuminated by a planewave.
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In the following part, the excitation of the nanowire with aflat-ended head influenced by the refractive index
nc and the length L of the nanowire, and theflat body length S is studied. Infigure 3, theflat-ended headswith
R=1μmand four kinds of the body length S are adopted to improve the excitation of the nanowire with
nc=3,w=100 nmand the length L ranging from9 to 11μmwith a step set to 100 nm.Weuse the power
propagating inside the nanowire to evaluate the enhancement. The power is the integration ofPx along the
detected cross sections 1–1 or 2–2 shown infigure 1. The power propagating inside of the nanowire as a function
of the nanowire length at the 1–1 cross section is given infigure 3(a), the left picture shows the power and the
right picture presents the power ratio, which is defined as the power inside the nanowirewith a head divided by
the power inside the single nanowire. Infigure 3(b), it is shown the results detected at the 2–2 cross section.
Intensity distribution and Px of theflat-endedwith S=400 nmandR=1μmand the nanowire length L=10
μmare simulated and the results picked out from the red dotted line same as that infigure 2(a) are shown in
figure 3(c). Infigures 3(a) and (b), the power of a single nanowire excited under a planewave is fluctuant as the
change of the length L, and the size of the added head can affect the power enhancement factor. It can be seen
that the flat-ended headwith the body length S=400 nmhas themaximumpower value, while theflat-ended
headwith S=300 nmhas themaximumpower ratio value of the nanowire in the results shown infigures 3(a)
and (b). Infigure 3(c), it is indicated that the intensity enhancement factor reachesmore than 10 times of the
single nanowire infigure 2(a). From the results infigure 3, it is shown that optimizing the body length S and the
length L of the nanowirewith an added flat-ended head can achieve high excitation. Infigure 4, we investigate
the influence of the refractive index nc on the excitation. Power propagating inside of the nanowire as a function
of the nanowire length at the 1–1 cross section is shown infigure 4(a) for the refractive index nc=2.5 and
figure 4(b) for the refractive index nc=3.5, respectively. The power of the nanowire with the refractive index

Figure 2. (a)Ahigh-index nanowirewith nc=3, L=10μmandw=100 nmexcited by a TE-polarized planewave, (b) enhancing
the excitation of the nanowire in (a) by adding a circle headwith the radiusR=1μm, (c) enhancing the excitation of the nanowire in
(a) by adding a flat-ended headwith the round radiusR=1μmand the body length S=500 nm, the two insert pictures for intensity
and power flow along x direction (Px) in (a), (b) and (c) are the enlarged views inside of the red dotted box, respectively. The detailed
information inside of the red dotted box along xdirection at the nanowire center is presented in (d) for intensity distributions and in
(e) for powerflow, respectively.
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nc=2.5 isfluctuant similar to that shown infigure 3(a), while it becomesmore subdued than that infigure 4(a)
when the refractive index is selected as nc=3.5. For nc=2.5, theflat-ended headwith the body length
S=300 nmcan provide high excitation of the nanowire, while S=300 nmand S=400 nmare both suited for
nc=3.5. This resultmeans that the enhanced excitation by adding aflat-ended headmay be valid for a silicon
nanowire at a near-infrared illumination.

The enhanced excitation of a silicon nanowire by adding a designed flat-ended head under 1550 nm
illumination is investigated. The results are given infigure 5. Considering the illuminationwavelength, the
refractive index of siliconmedium is nc=3.4777 from [21]. A silicon nanowirewithw=100 nm is connected
with a silicon flat-ended headwithR=1μmand S=400 nmat the shadowof the silicon nanowire. Power
propagating inside of the silicon nanowire as a function of the nanowire length at the 1–1 cross section shown in
figure 1 is provided infigure 5(a). The intensity of the structure picked out from figure 5(a) using a pink triangle

Figure 3.Power propagating inside of the nanowire as a function of the nanowire length shown in (a) for detection at the 1–1 cross
section and in (b) for detection at the 2–2 cross section, left for the power and right for the power ratio which is defined as the power
inside of the nanowire with a head divided by the power inside of the single nanowire. Intensity distribution and Px inside of the red
dotted line infigure 2(a) is shown in (c) for the L=10μmandw=100 nmnanowirewith theR=1μmand S=400 nm flat-ended
head. The refractive index of the structures is chosen as the same as that infigure 2(c).
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marker is shown infigure 5(b). The intensity enhancement factor reaches 18.3 comparedwith the intensity of
the incident wave. The results infigure 5 indicate the excitation of silicon nanowire can be improved by adding
an appropriate flat-ended head.

Finally, we study the influences of the incident angle on the enhanced excitation of the silicon nanowire with
the designed head, where the incident angle is the angle between the x-axis and the propagating direction of the
incident wave. In this simulation, the silicon nanowirewithw=100 nmand L=10μmconnectedwith a
silicon flat-ended headwith R=1μmand S=400 nmunder 1550 nm illumination is chosen. And the results
are shown infigure 6. Power propagating inside of the silicon nanowire as a function of the incident angle at the
1–1 cross section shown infigure 1 is provided infigure 6(a). The detailed information inside of the red dotted
box (shown infigure 5(b)) along x direction at the nanowire center is presented infigure 6(b) for intensity
distributions under four kinds of incident waves, while the intensity distribution of incident angleα=5° is
given in figure 6(c). It can be seen that as the incident increases, the power propagating inside of the silicon
nanowire decreases. By comparing figures 5(b) and 6(c), themaximumof intensity is reduced less than 10%

Figure 4.Power propagating inside of the nanowire as a function of the nanowire length at the 1–1 cross section provided in (a) for the
refractive index nc=2.5 and (b) for the refractive index nc=3.5. The other parameters are the same as those in figure 2(c).

Figure 5.Excitation of a silicon nanowire enhanced using a flat-ended head. Power propagating inside of the nanowire as a function of
the nanowire length at the 1–1 cross section shown in (a), while the intensity of the structurewith the largest enhancement in
simulation provided in (b).
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when the incident angle increases from0° into 5°. This indicates that there is a certain stability of the nanowire
with a designed flat-ended head for not perfect normal incidence.

4. Conclusion

In conclusion, amethod for enhancing the excitation of a high-index nanowire by adding aflat-ended head is
demonstrated.With the assistant of the flat-ended head, intensity and power flowof the high-index nanowire
under a planewave can be improved.Our simulation shows that the enhancement factor is influenced by the
length and the refractive index of the nanowire, and the size of theflat-ended head. By carefully selecting the size
of the flat-ended head, the intensity enhancement factor can reachmore than 10 times of that without a head.
Thismethod is also effective in the excitation of the silicon nanowire at a near-infraredwavelength illumination
and has a certain stability for not perfect normal incidence. Our results provide away to design the high-index
nanowirewith high-intensity excitation. Thismethod can also be used for the high excitation of high-index
nano-waveguides illuminated under a free space light or afiber-end-face illumination. Our resultsmay have
potential applications for adopting the high-index nanowire realizing on-chip optical sorting and sensoring.
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