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Abstract: The silver nanowire (AgNW) has excellent light capture ability, showing great
prospects in many fields. Based on discrete dipole approximation simulations, it is found that
the captured light can be subdivided into three parts: the near-field light occupies ~27.3%,
mainly confined around the nanowire with a distance <20nm; the far-field part occupies
~59.6%, showing a dramatic conical distribution; and ~13.1% is ohmically absorbed. These
insights are helpful to estimate the limited performance of AgNW-based device utilizing each
subdivision, and locate the functional zone. Besides, we found that the light capture efficiency
of AgNW can be easily controlled as it increases linearly with nanowire length.
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1. Introduction

The silver nanowire (AgNW) shows excellent light capture ability [1-4]: the extinction cross
section of AgNW can even reach micron size; and the fabrication technology of it is
advancing to a level that the diameter, length and surface qualities can be well controlled
[5,6].Therefore, it has been tentatively applied in many fields like photon catalytic [7,8],
optical sensors [9], biological/chemical sensors [10], photon waveguide [11], surface
enhanced Raman scattering [12,13], and photovoltaics [14]. For instance, by integrating
multiple AgNWs together, Pyayt et al [11] have realized to confine and guide light on a chip
based on controlling the light coupling degree between two adjacent nanowires. Cui et al [15]
have achieved a 2-dimensional 7-digit optical molecular data storage system using
homogeneous plasmonic AgNW architecture.

In specific applications, not all of the light captured by AgNW is useful but only special
parts are of great significance. For example, when using AgNW in catalytic [7], sensor [9,10],
wave guide [11] and surface enhanced Raman scattering [12], the localized near-filed light,
whose intensity and distribution mainly determines the device performance, is especially
important. While, if AgNW is used in photovoltaics for light-trapping [14] or used as surface
plasmon resonators [2], the amount and distribution features of the far-filed light become
more important. Except for above parts, the light being ohmically adsorbed within the AgNW
is even harmful as it will be transformed to heat thus reduce the device performance and
lifetime. Therefore, the proportions of the near-field light, the far-field scattering light, and
the ohmically adsorbed part in the total captured light and their distributions are investigated
here in details.

Due to the unique one dimensional character of AgNW, length is also an important
parameter for its practical applications in many fields [9,11,15,16]. It dramatically affects the
detecting signal intensity in AgNW-based sensors, as it determines the amount of matters
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(need to be detected) that can be attached on the nanowire; and it limits the transportation
distance of light in plasmonic waveguide. Till now, only few studies have come down to the
influence of length on the optical properties of AgNW. El-Sayed et al [17] have discovered
the red-shift of the longitudinal mode of AgNW with increased aspect ratio. Wang et al [18]
have reported the dramatic light loss when propagating through bended AgNW. However,
there is still no reports on the common length dependencies for the light capture ability of
AgNW, which is significant and necessary.

DDSCAT 7.3 is a software package can give reliable numerical solutions on the
electromagnetic scattering of nanostructures with arbitrary shape and material [19-24], based
on discrete dipole approximation (DDA). Its accuracy and reliability have been well verified
in our previous works [25-27]. In this work, at first, we investigated the specific distribution
of the light captured by AgNW; then we investigated the length dependency of the light-
capture ability of AgNW, using DDA method. These pieces of information can provide
fundamental directions for the design of high-performance photonic devices built on AgNW.

2. Model and method

AgNW is modeled as a circular cylinder as shown in Fig. 1(a). The diameter of AgNW is
fixed to 80nm, which corresponds to a resonance wavelength (RW) ~400nm, required in
many gas sensors [28-30]; and its length is fixed to Ipm in investigating the specific
distribution of the light captured by AgNW, and varies from 1 to 10um in investigating the
length dependent light-capture ability. Since the samples of AgNW are large enough, the
quantum confinement effect can be neglected and thus the bulk values of the complex index
of refraction for silver are used [31], as given in Fig. 1(b).
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Fig. 1. (a) Schematic of AgNW; and (b) the complex index of refraction for silver.

The optical properties of AgNW are simulated using the software package DDSCAT 7.3.
In the framework of DDA, AgNW is treated as an array of point dipoles located on cubic
lattices. The optical response of AgNW is obtained by solving the electromagnetic scattering
problem of the incident light interacting with this point dipoles array, using iterative method.
The accuracy of the simulations is mainly determined by the size of the point dipoles, whose
side length has been set as 3.3nm according to carefully tests [26]. The other parameter
affecting the simulation accuracy is the error tolerance between two adjacent iterative steps.
In our simulations, it is set to be 1.0 x 107>, which corresponds to high accuracy [22].

In DDSCAT 7.3, the light-capture ability of AgNW is characterized by the extinction,
scattering and absorption efficiencies, which are defined as Q.,; = Colmr?, Osea = Cy.o/mr* and
Ouws = Cap/m?, respectively. r is the real geometric radius of AGNW; C.., Cyeqy Cups and mr?
refer to the extinction, scattering, absorption and geometric cross section of AgNW.
Therefore, Q.. reflects the wavelength selective light-concentration ability; O, stands for the
light-scattering ability; and O, denotes the intrinsic light absorption, which is generally
defined as the ohmic loss, in AgNW.
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3. Results and discussion

3.1 Influences of the incident angle

The incident angle, which is denoted by & as shown in Fig. 1(a), is an important parameter
affecting the optical properties of AgNW. Therefore, at the beginning, we investigate its
influences on the light-capture ability of AgNW (wavelength selective extinction cross
section), based on a sample with length 1pm and diameter 80nm.
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Fig. 2. (a) Influence of incident angle on the extinction cross-section of AgNW with 80nm
diameter and 1pm length; (b) relationship between the cross-section at RW and 6, where
dashed lines are used to denote corresponding values at wavelength 0.395um when 6 is greater
than 50° as there is no obvious RW in these cases.

Relationships between RW, extinction cross section of AgNW and & are presented in Fig.
2(a). It can be observed that RW depends weakly on € when 6 ranges from 0° to 30°: RW is
about 0.395um. This indicates, in this range of incident angles, AGNW (or structure of great
aspect ratio) supports a strong plasmon dipole mode, whose RW is mainly determined by the
diameter thus shift slightly with 6. If 6 is greater than 50°, there is no obvious RW on the
curves; and the extinction cross sections over the whole waveband, about 0.1um? are just a
little greater than the nanowire’s geometric cross section, 0.08um’. This is because as 6
increases, the projected size of AgNW on the polarization direction of the incident light
increases (diameter/cosf). As a consequence, the retardation effects become significant, and
therefore higher order multiple modes (starting with the quadrupole mode) appear. Such
modes have wide resonance wavebands; therefore, they overlap each other and such
overlapping tends to obscure some of the peaks. As a conclusion, it is better to keep the
incident angle to be less than 30° in real applications.

Different from RW, the extinction cross section C,,, varies (decreases) dramatically with
6, which can be more clearly reflected in Fig. 2(b), by the variation tendency of the maximum
C.. values (at RW) in Fig. 2(a) with different 8. Therein, corresponding variation curves of
Cus and Cy, are also provided. As mentioned above, C,;, C,s and Cy., denotes the light
concentration, absorption and scattering ability of AgNW respectively, thus they are
important indexes in many application fields. Notably, all of C,,, C, and Cj., at RW show
the largest values when 6 = 0°, and decrease dramatically with increases in §. Therefore,
incidence paralleling to the nanowire should be the best choice to capture as much light in
practical applications; and allowing this, 8 has been fixed to 0° in following investigations.

3.2 The specific distribution of the captured light

As mentioned above, not all of the light captured by AgNW is useful but only special parts
are of great significance in specific applications. According to the distance from the AgNW,
the light out the nanowire can be separated into localized near-field light and far-field light.
At first, the distribution of the near-field part is investigated. The near-field distribution of the
electric field, whose square is equal to the light intensity, in and around the nanowire is given
in Fig. 3(a). It can be seen that, the maximum near-field light intensity (denoted by the red
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color) can reach 40 multiples of the incident light (|E[*/|E,[*, |E|/|E,|=6 from the legend);

and the range owning strong near-field light only distribute out the nanowire within distance
about 20nm (from Inl). To describe such distribution quantitatively, we divided the cross
section into 100 annuluses with identical Ar (the inset in In2), integrated the square of the
field intensities over every annulus, and got the distribution of these integrations in In2. It is
found that 20nm just corresponds to the distance where the light intensity reduces to ™' from
the surface of AgNW; and over 65% of the near-field light (the amount of light in a 240nm X
240nm square) localizes within this distance. Such strong intensity and the near-surface
distribution feature indicate that, when using AgNW as the building block of sensors or photo
detectors, the functional groups are better to be mounted in near-surface areas and the matters
need to be detected must can enter into these areas. The most effective inter-guide light
coupling also should occur within a distance of 20nm.
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Fig. 3. (a) Electric field distributions in and around AgNW, under incident light with
A = 0.395um. Inl: cross section; In2: radial distribution of the light intensity
(|E[/|B,[" * area ), which is calculated by dividing the cross section into 100 annuluses and

integrating over each of them. (b) Angle distribution of the scattering light.

It can be also estimated that the proportion of the near-field light occupies about 27.3% of
the total captured light. This value is calculated through first converting the integrated amount
of near-field light in In2, 0.31 a.u., to a time-averaged value 0.31 x 4/n° and then dividing it
by the extinction cross section of the nanowire, 0.46, as shown in Fig. 2(b):
0.31 x 4/n%/0.46=27.3%. This high proportion confirms the importance of the near-field light
around AgNW from a quantitative view of point. Besides, from Fig. 3(a) we can also see that
both the intensity and range of the near-field light damps dramatically along the propagation
of the incident light, which indicate that the functional zone of AgNW based devices is better
to locate near the top of the nanowire.

Then, the distribution of the far-field light is studied. The far-field scattering light can
occupy about 59.6% of the light being captured (calculated through dividing the scattering
cross section by the extinction using the data in Fig. 2(b)), therefore, taking full advantage of
this part of light is important. The distribution of the far-field scattering light is given in Fig.
3(c), which shows largely angle dependent: over 98% of it distributes in a cone space around
the nanowire with narrow angle range, §<20°. The large proportion and direction output of
the far-field light means that AgNW can be used as light trapping structure in photovoltaic
devices. Cooperating with its wave-guide function, such directional scattering feature also
indicates AgNW is able to be used as an effective nanoscale on-chip light source or on-chip
light transceiver.

To take heed, in above case, except for the near-field light (27.3%) and the part being
scattered (59.6%), there is still about 13.1% of the total captured light will be absorbed by the
nanowire itself (this value is not accuracy because that the near-field light contains some
contribution from the scattering light, but the order of magnitude should be right). As
mentioned above, this part of light will be transformed to thermo energy, thus is harmful for
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the device performance. Therefore, in the design of AgNW based devices, schemes to avoid
or reduce the influences of ohmic loss must be taken into account.
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Fig. 4. (a) Extinction efficiencies of AgNW with lengths from 1 to 10um, with inset about the
variation of RW with length; (b) Relationship of the maximum extinction, scattering and
absorption efficiencies at RW to the lengths; (c) Relationship of average extinction, scattering
and absorption efficiencies in waveband 0.2-0.6um to the lengths.

3.3 The length dependency for the light capture ability of AgNW

Length is key parameter of AgNW during its practical applications in many fields
[9,11,15,16]. Thus, it is quite necessary to reveal the relationships between the light-capture
ability of AgNW and its length. The extinction efficiency curves of AgNWs with various
lengths from 1 to 10um and fixed diameter of 80nm are presented in Fig. 4(a). It can be seen
that RW increases with the length, but with quite small extent: it increases first rapidly and
then slowly from 0.395um to a stable value about 0.43pm, as shown in the inset. This implies
RW of AgNW is mainly determined by the diameter, but can be also weakly influenced by
the length especially when it is short.

Different from RW, the light capture ability of AgNW depends dramatically on the length
as shown in Fig. 4(a). To go further, we distinguished the light capture ability into three
aspects: light-concentration, -scattering and -absorption abilities, which can be characterized
by the extinction, scattering and absorption efficiencies mentioned above; and investigated
their length dependencies respectively. Figure 4(b) gives the variation tendencies of the
extinction, scattering and absorption efficiencies at RW with the length of AgNW. It can be
seen that all of the extinction, scattering and absorption efficiencies increase in a linear
fashion with the length of AgNW. This can be well explained by the Mie theory, based on
which the extinction efficiency Q,,; for a spherical metallic particle can be deduced to be

about 12 VA€ 1), where V is the volume of the sphere, / is the vacuum wavelength of light
and € is the imaginary part of dielectric constant. According to Fig. 1(b) the item & 1 will
have a constant minimum, therefore the maximum extinction efficiency, Q" , should be

proportional to the volume. For AgNW, V= zr* x [, where r and [ is the radius and the length
of AgNW respectively; 7 is fixed, therefore the maximum extinction efficiency, Q7" , should

ext 2
increase linearly with the length.

In Fig. 4(c) we show the variation tendencies of the full-spectrum (0.2-0.6pum) averaged
extinction, scattering and absorption efficiencies of AgNW with its length. Surprisingly, they
also increase in a linear fashion with the length of AgNW. These indicate the light capture
ability of AgNW is linear to length in the whole waveband. Such simple linear dependency
indicates that the light capture ability of AgNW can be easily controlled by changing the
nanowire length. The slopes for the fitted dash lines in Fig. 4(b) and 4(c) are related to the
diameter of AgNW.
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4. Conclusion

In summary, based on the DDA simulations, specific subdivision for the light captured by
AgNW were provided. It is found that the near-field light occupied a great proportion of the
light being captured (27.3%), with dramatic near surface distribution. This confirms the good
quality of the near-field light and implies where the functional zones should be located at
during the utilization of AgNW. The far-field scattering light occupies about 59.6%, with
98% of it distributes in a narrow cone, which indicates AgNW is promising to be used for
light-trapping. The proportion of light being ohmically absorbed in AgNW can reach about
13.1%, therefore, schemes to reduce the harm introduced by it must be taken into account in
device design. Besides, the light capture abilities of AgNW, not only the maximum at RW but
also the average values in waveband 0.2-0.6um, are found to be approximately linear to the
length; but RW is weakly length dependent. Such feature points out a simply way to
manipulate the light capture ability of AgNW. Additionally, we also found that the light
capture efficiency of AgNW arrives at the maximum under incidence paralleling to the
nanowire. The insights obtained in this work provide useful guidelines for the design and
optimization of devices using AgNW as the building block.
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