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Abstract: Silicon nanostructures have light-harvesting effects for
enhancing the performance of solar cells. Based on theoretical
investigations on the optical properties of silicon nanowire (Si NW), the
influencing laws of the size of Si NW on its light-harvesting effect are
proposed. For the first time, we reveal that the resonant wavelength of Si
NW predicted by the leaky mode theory does not correspond to the actual
resonant wavelength calculated by the discrete dipole approximation
method, but exactly coincides with the leftmost wavelength of the
resonance peak. Then, the size dependency of the resonant intensity and
width of Si NW is different from that of spherical nanoparticles, which can
be deduced from the Mie theory. The size dependencies of resonant
intensity and width are also applicative for silver/silicon composite
nanowires. In addition, it is found that the harvested light by the Si and
Ag/Si NW both show significant radial locality feature. The insight in this
work is fundamental for the design and fabrication of efficient light -
harvesting nanostructures for photovoltaic devices.
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1. Introduction

Recent years, silicon nanowire (Si NW) has been found to have strong light-harvesting effect.
And due to the great application potential of it in photovoltaic devices [1-6], considerable
theoretical and experimental investigations [7-16] have been carried out on its optical
properties. These investigations denote that Si NW has several unique features in light-
harvesting. At First, Si NW had excellent light-harvesting multiples. It can capture light in an
area more than 100 times of its geometrical cross section [7]. Secondly, the resonance
wavelengths of Si NW generally range from 400 to 700 nm [17], which just locates at the
spectrum range corresponding to the high irradiance of 4M1.5. Thirdly, due to the dielectric
nature of silicon material, the optical losses coming from the parasitic absorption, like in
metallic resonant nanostructures, can be absolutely avoided in Si NW. Fourthly, the
distribution of the harvested light by Si NW is manipulatable by adjusting its diameter or
shape. This is because the light-harvesting ability of Si NW comes from the Fano resonances
[18], thus most of the harvested light will be confined within the nanowire and propagate in
waveguide modes. The mode distribution within the nanowire is adjustable and naturally
inhomogeneous in radial direction [19]. These features indicate that Si NW is particularly
suitable for light-harvesting applications in solar cells, which is even more effective than the
fashionable plasmonic light-harvesting strategy [20, 21].

In this work, based on our recent theoretical works on the optical properties of Si NW, we
first gave the clear light-harvesting mechanism of it, and summarized the influencing laws of
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its size on the light-harvesting effect. Then, discrete dipole approximation (DDA) [22-24]
simulations are carried out for a series of silver/silicon composite nanowires (Ag/Si NWs),
which have constant total length. It is found that the light-harvesting effects of the Ag and Si
parts are nearly non-interfering, which follow the same laws as an individual Si NW. Finally,
radius locality feature of the harvested light within and out the nanowire is analyzed. These
works provide fundamental insights for the using of Si NW as building blocks in photovoltaic
devices.

2. Model and method

The Si NW and Ag/Si NW are both modeled as circular cylinder with hemisphere tip, as
shown in Fig. 1(a) and 1(b). The light-harvesting effects of them can be characterized by the
extinction and absorption efficiencies, see Figs. 1(c) and 1(d). The lengths and diameters of Si
NWs are varied, which range from 0.2um to 10um and from 40nm to 150nm, respectively.
The total length of the Ag/Si NWs (including the rounded cap) is set to 3um, and the length of
the silver part (including the cap) changes from Opm to 3um gradually. The extinction and
absorption efficiencies are calculated by the DDA method, whose framework can be found
elsewhere. Here, we just give the key settings used, and the physical significances of the
quantities, extinction and absorption efficiency.
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Fig. 1. Model of the (a) Si NW and (b) Si/Ag NW; and the (c) extinction and (d) absorption
efficiencies of a Si NW (diameter 70nm and length 0.5um).

The extinction and absorption efficiencies are defined as Q.. = Co/m” and Qus =
C.p/mr?, where C,., C.p., and 7 denote the extinction, absorption and real geometric cross
section of the NW. They reflect the light concentration (extinction) and light absorption
abilities of the NWs, respectively. The calculation accuracy of DDA depends on two factors:
the interdipole spacing (d) and the error tolerance between two adjacent iterative steps (4).
These two parameters have been carefully tested [9, 11], and are set to 3.3nm and 1.0 x 107
respectively. Due to the polarization-independency [16, 25] for the light-absorption ability of
Si NW, only incident linearly polarized light is considered. And since for the solar cells
application of Si NW the incident angle is usually small, meanwhile the light-absorption
ability of Si NW is weak angle-dependent [15, 26], only illumination from the tip
(corresponds to incident angle 8 = 0°) is taken into account. Bulk values of the complex index
of refraction for silver and silicon [27, 28] are used.
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3. Results and discussion
3.1 Resonant wavelength of Si NW

The light-harvesting effect of Si NW comes from the coupling between the leaky modes and
the light around it, thus is dramatically wavelength dependent. Therefore, resonant
wavelength of the Si NW should be a very important characteristic quantity. According to the
leaky mode theory [29], the resonant wavelength can be predicted by calculating the cut-off
wavelength of mode supported by the NW. For the lowest order resonant, the cut-off
wavelength can be calculated by letting the normalized frequency V equal to its cut-off

parameters, 2.405. V = zd / A*\n> -1, where d is the Si NW diameter,  is the refractive
index of silicon, and 4 is the wavelength of light. From this equation it can be seen clearly that
the resonant wavelength is only diameter dependent and nearly linearly with the diameter.

This dependence can be perfectly reflected by our calculated results on the extinction
efficiency of Si NWs with fixed length (1um) and various diameters, as given in the inset of
Fig. 2(a). The resonant wavelengths for Si NWs with diameters 40, 60, 80, 100, 120 and 140
nm are 410, 454, 520, 600, 683 and 768nm, respectively. However, these values not exactly
equal to but some greater than those predicted by the above equation, 370, 410, 460, 530, 600
are 680nm. This makes clear that the actual resonant wavelengths are not the cut-off
wavelengths. From the black spheres in Fig. 2(a) we can see that, the calculated cut-off
wavelengths exactly correspond to the leftmost wavelengths of the resonance peaks. This
denotes the cut-off wavelength is just a critical wavelength where the mode can be leaked out,
and at this wavelength, only very little light can be leaked out and couple with the light
surrounding the NW. With wavelength increases, more light can be leaked out, and
correspondingly more light can be coupled within the Si NW, till the actual resonant
wavelength. However, when the wavelength is much longer than the cut-off wavelength, the
leaky mode cannot be supported again thus the resonant peak vanishes gradually.
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Fig. 2. (a) Diameter and (b) length dependency of the resonant wavelength of Si NW.

The leaky mode theory is based on the precondition that the length of the nanowire is
infinite; so it cannot be used to evaluate the length dependency of the resonant wavelength.
We have calculated the extinction curves for Si NWs of fixed diameter, 80nm, and various
lengths from 0.2 to 10um, as given in Fig. 2(b); and given the length dependency of the
resonant wavelengths in its inset. It can be obviously observed that, when the length is quite
small, the resonant wavelength is also dramatically length dependent. While, with the length
of Si NW increases, this dependency becomes weaker and weaker till can be neglected. The
reason for this length dependency is that, in short Si NW, the light is not only 2D limited but
3D limited. If has no specific requirement on precision, the leaky mode theory can also be
used to predict the resonant wavelength of Si NW with length greater than 1pum.
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3.2 Intensity and width of the resonance peak with various Si NW sizes

The intensity of the resonance peak denotes the maximum light-harvesting multiples of Si
NW; and the width of the resonance peak, which is characterized by the full width at half
maximum here, reflects the actuating range of Si NW. They are both critical features for the
light-harvesting ability of Si NW.
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Fig. 3. Diameter dependency of the (a) intensity and (b) width of the resonance peak for the
extinction efficiencies of Si NW.

Diameter dependencies of the peak intensity and width are investigated firstly. What are
plotted in Fig. 3(a) are the peak intensities, which are extracted from the extinction curves in
Fig. 2(a), versus the diameters of Si NW. Obviously, the peak intensities increase in linearity
first, arrive at a turning point, and then decrease linearly. This changing tendency indicates
that the Si NW should have an optimal diameter for light-harvesting, which is about 80nm.
The underlying reasons for the appearance of the turning points in Fig. 3(a) and 3(b) are still
not clear. From Fig. 2(a) it can be observed that, if the diameter of Si NW greater than 80nm,
one high-order peak appears. We think the appearance of such high-order peak may be the
main reason for the occurrence of the turning point. Before the turning point, the peak
intensities increase with diameter, and their widths are nearly constant. While after the turning
point, the peak intensities decreases with diameter, and the peak widths change to be
increased with diameter.
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Fig. 4. Length dependency of the (a) intensity and (b) width of the resonance peak for the
extinction efficiencies of Si NW.

Then, we investigate the length dependencies of the peak intensity and width. Figure 4
presents the relationships between the peak intensities, widths and the length of Si NW, draw
from Fig. 2(b). On a brighter note, the extinction efficiencies at the resonant wavelength
exhibit nearly perfect linear relationships with the Si NW length. Meanwhile, the widths of
the resonance peaks also increase approximately linearly with the Si NW length.
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Taking the linear dependencies of the peak intensity on the diameter and length into
account together, it can be deduced that the extinction efficiency of Si NW is proportional to
the area of its longitudinal section. According to the definition of the extinction efficiency
above, this means the extinction cross section is proportional to the product of the volume and
diameter of Si NW. This relationship is different from that of the spherical nanoparticles,
which can be deduced by the Mie theory, where the extinction cross section is proportional to
the volume of the target. For spherical nanoparticles, the maximum extinction cross-
. 2nhayr’
sectiono,_equals to

max

, where w, is the vacuum frequency of light, ¢ is the speed of

light, I"=haw,e"/ 6 is the width of the resonance peak, and £"is the imaginary part of

dielectric constant.

Taking into account the diameter (considering the ones smaller than 80nm only) and
length dependency of the peak width together, the peak width is only length dependent: it
increases approximately linearly with the length of Si NW. This is also different from that for
spherical nanoparticles, I” = ii;ye"/ 6 , where the resonant width is independent on the particle

size. The deep physical reasons for such differences also need further studies.
3.3 The light-harvesting properties of Ag/Si NW

We have also investigated the extinction properties of a series of Ag/Si NWs with fixed
diameter 80nm, fixed total length 3um, but various length of the Ag part from 0 to 3um. The
obtained extinction curves are given in Fig. 5(a). It can be seen that, the resonant wavelengths
of the Ag and the Si part both show the similar length dependency as the pure Si NW
analyzed above.

The size dependencies of the peak intensity and width for Si NW mentioned above can
also be reproduced for the Ag/Si NW. From Fig. 5(b) and 5(d), we can found that the peak
intensities for the Ag and Si part are both linear to their respective lengths but not the total
length. And From Fig. 5(d) and 5(e) it can be observed that the peak widths of the Ag and Si
part also changes approximately linearly with their respective lengths. On the other hand,
these results also indicate that, the light-harvesting properties of both the metal and
semiconductor nanowires have the same size dependencies.
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Fig. 5. (a) Extinction curves for the Ag/Si NWs; and the length dependency of the (b) intensity
of the resonance peaks of Ag, (c) intensity of the resonance peaks of Si, (d) width of the
resonance peaks of Ag, and (e) width of the resonance peaks of Si.

3.4 Radius locality of the harvested light

Besides the regularity found above, we have also investigated the spatial distributions of the
light harvested by the Si and Ag/Si NW. It is found that the light harvested by the Si and
Ag/Si NW shows notable radial locality feature. From Fig. 6(a), the angle distribution curves
of the scattered light by a Si NW with 80nm diameter and 2.3um length, it can be seen that
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most of the scattered light distributes in a narrow angle range 6 < 20°. In quantitative terms,
the forward scattering fraction can reach about 99.8%.
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Fig. 6. (a) Angular distribution for the scattered light without the SiNW, and (b) spatial
distributions for the absorbed light within the Si NW.

Figure 6(b) shows the spatial distributions for the light confined within a Si NW of 80nm
diameter and 0.5pum length. Cleary, the distribution maps also show radial locality feature
since they are determined by the waveguide modes supported by the nanowire. We have
calculated the spatial distributions of the light within the silicon part of the Ag/Si NW
quantitatively. It has been found that [9] over 95% of the light collected by the plasmonic
effect of Ag and over 91% of the light coupled by the Fano resonance of Si will distribute
within a thin surface layer of the nanowire with thickness 20nm, respectively.

As a summary, both the harvested lights within and around the nanowire show obviously
radial locality feature. Most of them will distribute at the region near the surface of the
nanowire, which just corresponds to the junction region in radial junction Si NW based solar
cells. So, Si and Ag/Si NW are both very suitable to be used in fabricating radial junction
photovoltaic devices.

4. Conclusion

Based on DDA calculations on the optical properties of Si and Ag/Si NWs, we have given a
clear physical image for the light-harvesting mechanism of nanowire structures, and found out
the laws for how the size influences the light-harvesting effect. The light-harvesting effect of
Si NW comes from coupling the surround light into the leaky modes it supported; therefore,
the resonant wavelength of Si NW depends dramatically on its diameter. However, we found
that the resonant wavelengths predicted by the leaky mode theory are not precisely equal to
the ones obtained using DDA calculations, but exactly correspond to the leftmost ones of
resonance peaks. Before the appearance of high-order resonances (diameter smaller than
80nm), the resonant intensity of Si NW increases both proportionally to diameter and length.
This means the extinction cross section of Si NW is proportional to the product of its volume
and diameter, which is different from the relationships deduced from the Mie theory, where
the extinction cross section is only proportional to the volume of the target. We also found
that the resonant width of Si NW is approximately linear to its length, which is different from
that deduced by the Mie theory too, where resonant width shows no dependence on the size of
target. These regularities are also applicable for the Ag/Si NW, or more strictly speaking, for
the Ag part and the Si part in the Ag/Si NW. The peak intensities of the Ag and Si part, and
the peak widths of them, are both linear to their respective lengths. In addition, no matter the
lights scattered and absorbed by the Si and Ag/Si NW show significant radius locality feature,
which indicates that the nanowire structure is quite suitable to be used in fabrication radial-
junction solar cells. This work is great helpful for the future design and development of more
efficient light-harvesting silicon nanostructures in photovoltaic applications.
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