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Excellent light-capture capability of trilobal SINW
for ultra-high Jsc in single-nanowire solar cells
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Single-nanowire solar cells with a unique light-concentration property are expected to exceed the Shockley—
Queisser limit. The architecture of single nanowire is an important factor to regulate its optical performance.
We designed a trilobal silicon nanowire (SiNW) with two equivalent scales that possesses superior light-
absorption efficiency in the whole wavelength range and shows good tolerance for incident angle. The electric
field distribution in this geometry is concentrated in the blade with small equivalent scale and pivot with
large equivalent scale, respectively, in the short wavelength range and long wavelength range. Corresponding
good light absorption of trilobal SiNW in the two wavelength ranges leads to stronger total light-absorption
capacity than that of cylindrical SiNW. Trilobal single-nanowire solar cells can obtain a short-circuit current
density (Jsc) of 647 mA - cm™2, which provides a new choice for designing single nanowire with excellent light-

capture capability. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.385867

1. INTRODUCTION

Nanowires have attracted extensive attention and research due to
their special properties, such as good elasticity, large specific sur-
face area, and particular photoelectric effect [1-5]. The excellent
light-capture capability endows nanowires with great application
potential in the field of high-efficiency and low-cost photovoltaic
devices [6,7]. Single or multiple single nanowires with a small
footprint can be integrated into optoelectronic/optical subsys-
tems for future on-chip as low-power energy nanogenerators,
which are interesting components of small photovoltaics [8,9].
Compared with nanowire array solar cells, single-nanowire solar
cells can simplify analyses by removing the ensemble averaging
effect and nonuniform contacting effect and will get more
accurate study of its performance [10-14]. Single-core-shell
p-i-n junction GaAs nanowire solar cells with unique light-
concentration property achieve an ultra-high short-circuit cur-
rent density (/sc) of 180 mA - cm™2, which leads to an apparent
solar efficiency above the Shockley—Queisser limit [6].

The amount of light absorption is of great importance
to solar cells, because it determines the maximum power
output of the solar cells [15]. Nanowires with a unique light-
concentration property can reduce the materials consumption
and the space occupation of the device, which can directly
affect the design and preparation of devices [9,16]. The light
absorption of single nanowire is a complex process that mainly
depends on the cross-section shape, height of the nanowire,
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refractive index of the environmental medium, and the angle
of incident light [16-19]. Cylindrical nanowire is one of
the most commonly used nanowire types in many fields
[5,9,10,16,17]. This nanowire has a sharp optical resonance
peak with strong intensity and narrow width, which can only
achieve high-efficiency light absorption at the optical resonance
peak position [20-22]. There is a corresponding relationship
between the diameter of cylindrical nanowire and the position
of the optical resonance peak [23]. To improve the light-
absorption efficiency in the whole wavelength range, we can in-
crease the number of optical resonance peaks by adjusting the
geometry of nanowire, such as funnel-shaped and conical silicon
nanowire (SiN'W) with several equivalent diameters [24-27].
In this work, we design a trilobal SINW model with two
equivalent scales that has superior light-absorption efficiency
in the wavelength range of 0.3—-0.6 pm. The total light absorp-
tion of the trilobal SINW is more than that of the cylindrical
SINW. Meanwhile, it has a good tolerance to the incident
angle, which reduces the influence of incident angle on light
absorption. Trilobal single-SiN'W solar cells can obtain a /¢ of
647 mA - cm™ due to their excellent light-capture capability.

2. METHODS

A. Design of SiNW Models
A schematic diagram of the fabrication of the trilobal SINW is
shown in Fig. 1. The top view shows the trilobal SINW takes
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Fig. 1. Schematic diagram of trilobal SINWs. (a) Assembly process,
geometric relationship of top view, and (b) 3D view and top view with
different equivalent scales.

the difference set of an equilateral triangle and three circles and
then merges with a rectangle and semicircle on three sides,
where the side length of the equilateral triangle is 4, the radius
of the big circle is R, the length of the rectangle is /, and the
diameter of the small circle is w, which is the width of the rec-
tangle. Here, 4 is fixed at 60 nm and / is fixed at 50 nm. The
top view of the cylindrical SINW is a circle, where the diameter
of the circle is 4. The comparison of the optical properties of
two models uses the same volumes and different geometries; the
parameters are shown in Table 1.

B. Calculation Methods

All of our optical calculations are performed using the software
package Discrete Dipole Approximation Code (DDSCAT 7.3).
This software package is based on DDA theory, which is a freely
available open-source Fortran-90 software package [28-30].
It can be used to study absorption, scattering, extinction, and
light fields distribution around nanostructures, and we have
verified the accuracy of the calculation in the previous work
[31]. In this approximation, the model is replaced by an array
of point dipoles. This process is realized by self-programming
language MATLAB. It is found that the vertical structure of
the single-nanowire solar cells is in the medium [6], where the

Table 1. Geometric Parameters of Trilobal and
Cylindrical SiNWs

Trilobal SINW

Cylindrical SINW

Serial ~ Width” Height Diameter” Height Cross Section”
Number (nm) (1m) (nm) (1m) (nm?)
1 10 0.3 62 0.3 3019
2 15 0.3 68 0.3 3631
3 20 0.3 74 0.3 4300
4 25 0.3 80 0.3 5026
5 15 0.1 68 0.1 3631
6 15 0.3 68 0.3 3631
7 15 0.5 68 0.5 3631
8 15 0.7 68 0.7 3631

Widths, diameters, and cross sections are accurate to the integer bit.
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refractive index of ambient medium was set to 1.284. The com-
putational domain of near field is a rectangular volume whose
center coincides with that of the physical model. Its height,
width, and length are set as 3 times, 2 times, and 2 times of
physical model height, width, and length, respectively. The in-
cident direction of light is in the xy plane, as shown in Fig. 1(b).
The polarization direction of the incident light has been studied
in trilobal SINW. When the incident light is perpendicular
to the trilobal SiINW, the polarization direction has little effect
on light-absorption spectra, because the trilobal SINW is axi-
symmetric. Here, the default polarization direction of 90° is
perpendicular to the incident light in the xy plane, which is
used in the following calculations.

The absorption efficiency and extinction efficiency are used
to measure the light-capture capability of nanowires. The ab-
sorption efficiency is defined as the ratio of the light-absorption
cross section () to the geometric cross section (Gyeom)- The
0.4bs of nanowires is usually larger than its 6o, which indicates
that is has the ability of optical concentration. We calculated
the light-absorption spectral power (A4) and total light absorp-
tion (A;) under the AM 1.5 G solar spectrum [32]:

A()L) = [Gabs (’1) /Ggeom] x [(/1)’ (1)

Amax
A, = / A(A)da, (2)
Amin
where 4 is wavelength, A,;, and 4., are 0.3 and 1.1 pm, re-
spectively, and 7 is the irradiance under the AM 1.5 G solar
spectrtum. The obtainable /¢ can be calculated by

Amax A
Jsc = 9/ AA) /J—d/lr (3)
Amin c

where ¢ is elementary charge, 4 is Planck’s constant, and ¢ is the
speed of light in vacuum.

3. RESULTS AND DISCUSSION

There is a consistent correlation between optical resonance and
cutoff wavelength according to the leaky mode theory, which
can be calculated in infinite cylindrical SINW by the equation

v (@
INnt -1
where V' is the cutoff parameter that depends on the waveguide
mode, 4 is the diameter of the cylindrical SiINW, and 7 is the
refractive index of silicon [23]. Based on the leaky mode theory,
we obtained an exact comprehensive equation,

A= A-Bh+ Cd + Dhd + Ed?, (5)

for cylindrical SINW in our previous work, where 4 is the
height of the cylindrical SINW, and A—E are undetermined
coefficients and can be determined by a regression approach
[23]. The diameter determines the position of the optical res-
onance peak and height determines the intensity of the optical
resonance peak. A conical SINW with five equivalent diameters
has been designed, and optical resonance peaks at different
positions have been obtained [25]. However, the total light
absorption of conical SINW is lower than that of cylindrical
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(a) Absorption efficiency, (b) electric field distribution in yz plane, (c) light-absorption spectral power under AM 1.5 G solar spectrum, and

(d) total absorption and obtainable /s with cylindrical and trilobal SINWs with the same cross section of 3631 nm? and height of 0.3 pm.

SINW, because these equivalent diameters with short height
reduce the light-absorption efficiency.

To achieve several optical resonance peaks for broadening
the absorption spectrum and improving the optical capture
capacity, a trilobal SINW with two equivalent scales was de-
signed. Its top view shows that the blade is a small equivalent
scale and the pivot is a large equivalent scale, and the three-
dimensional (3D) view shows that different equivalent scales
have the same height, as shown in Fig. 1(b). The blades have
optical resonance peaks in the short wavelength range, the pivot
has optical resonance peaks in the long wavelength range, and
different equivalent scales with the same height ensure the
intensity of optical resonance peaks, which gives the trilobal
SiNW strong light-capture capability.

The cylindrical SINW has only one strong optical resonance
peak, and others are weak, as shown in Fig. 2(a), because the
top view has only one equivalent scale. Figure 2(b) shows that
electric fields at different optical resonance peaks (4 = 0.4,
0.44, 0.51, 0.57, 0.61 pm) are concentrated in the center of
the cylindrical SINW, and those of the trilobal SINW at optical
resonance peaks (4 = 0.38, 0.43, 0.46, 0.52, 0.54, 0.63 pm)
are different due to its two equivalent scales. The blades with
small equivalent scale correspond to optical resonance peaks in
the short wavelength range (4 < 0.46 pm), where the electric
field is concentrated in the blades. There are electric field dis-
tractions at both blade and pivot of the trilobal SINW in the
medium wavelength range (0.46 pm < 4 < 0.54 pm), which
shows that both equivalent scales have optical resonance peaks

in the medium wavelength range. The pivot of the trilobal
SINW with large equivalent scale corresponds to optical reso-
nance peaks in the long wavelength range (1> 0.54 pm),
where the electric field is concentrated in the pivot. This shows
that the electric field moves from the small equivalent scale
to the large equivalent scale with the increase of wavelength.
Absorption efficiency of the trilobal SINW in the wavelength
range of 0.3-0.43 pm and 0.46-0.59 pm is stronger than that
of the cylindrical SINW. Therefore, the trilobal SINW has
strong optical resonance in those wavelength ranges due to
its different equivalent scales.

The total light absorption in solar cells should consider the
absorption efficiency under the solar spectrum, because the
irradiance is not evenly distributed at different wavelengths.
In the wavelength range of 0.3-0.33 pm, the absorption effi-
ciency spectrum of trilobal SINW is higher than that of the
cylindrical SINW, but the spectral power is almost equal, as
shown in Fig. 2(c), because the irradiance in this wavelength
range is weak. To improve the total light absorption, the ab-
sorption efficiency should be improved at the high irradiance
position. For the trilobal SINW, the absorption efficiency is
higher in the wavelength range of 0.3-0.6 pm, including
the position with higher irradiance at A = 0.5 pm in the solar
spectrum. The spectral power of the trilobal SINW is higher
than that of the cylindrical SINW in wavelength ranges of
0.33-0.43 pm and 0.45-0.59 pm, with the same cross section
of 3631 nm? and height of 0.3 pm. Figure 2(d) shows the total
light absorption and obtainable /¢, where the obtainable /g
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Fig. 3. Absorption efficiency of cylindrical and trilobal SiNWs with different (a) cross sections and (b) heights. The change of the cross section is
through changing the diameter of the cylindrical SINW and the width of the blade of the trilobal SINW. Total absorption and obtainable /¢ of
cylindrical and trilobal SiNWs with different (c) cross sections and (b) heights.

of the cylindrical single-SINW solar cells is 242 mA - cm™,
which is reliable, according to previous research [6,33]. The
light absorption of the trilobal SiNW is 7573 W -m™,
1629 W - m™ higher than that of the cylindrical SINW, and
the obtainable /¢ is 299 mA -cm™, 57 mA - cm™ higher
than that of the cylindrical SINW.

Figure 3(a) shows that optical resonance peaks of the cylin-
drical SINW are redshifted with the increase of diameter, and
the total absorption and obtainable /¢ are reduced because its
equivalent scale gradually increases. The change of cross section
is through changing of the width of the trilobal SINW blades in
Fig. 3(a). The relationship between cross section and width is
shown in Table 1. The width of the blades of the trilobal SINW
has a great influence on the optical resonance in the wavelength
range of 0.3—0.46 pm according to the electric field distraction
in Fig. 2(b). The absorption efficiency decreases when the blade
width increases, as shown in Fig. 3(a), because the increase of
blade equivalent scale makes the resonance wavelength range
change. However, there are some redshifts in the absorption
efficiency spectra due to the increase of blade width, when
whole equivalent scale of the trilobal SINW becomes larger.
The trilobal SINW with two equivalent scales can adjust the
intensity of absorption efficiency spectra in the wavelength
range of 0.3-0.46 pm by controlling the blade width.

The relationship between the absorption efficiency spectra
and geometric parameters is the same as expected in the model
design. Figure 3(c) shows that the total light absorption de-
creases and obtainable /- first increases a little, then decreases
with the increase of blade width. The total light absorption and
obtainable /gc are always more than that of the cylindrical
SiNW with the same cross section.

Figure 3(b) shows that the relationship between position of
the optical resonance peak and height of the cylindrical SINW
is weak. With the increase of the height of the cylindrical
SINW, the position of the optical resonance peak redshifts
and tends to a fixed value, and its intensity increases. The trend
between properties of the optical resonance peak and height of
the cylindrical SINW is the same as that of our previous work
[18]. For the trilobal SINW with two equivalent scales, it has
the same trend that the position of optical resonance peak red-
shifts, and its intensity increases with the increase of the height
of the trilobal SINW. The total light absorption and obtainable
Jsc of two kinds of SiN'Ws increase with height of the SINWs,
and the total light absorption and obtainable /¢ of the trilobal
SINW are higher than that of the cylindrical SINW with the
same height.

The incident angle is an important factor affecting the light
absorption for single-nanowire solar cells. Figures 4(a) and 4(b)
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show the light-absorption efficiency of two kinds of SINW with
different incident angles. The absorption efficiency spectra have
strong symmetry with the change of incident angle due to the
symmetry of geometry of two kinds of SINWs. Therefore, the
range of the incident angle of 0°~90° in Fig. 4(c) was analyzed.
The intensity of the optical resonance peak at the wavelength
of 0.44 pum decreases, and the width of the light-absorption
efficiency spectrum increases with the increase of the incident
angle in the cylindrical SINW. The total light absorption and
obtainable /gc have little change, and the influence of incident
angle on the cylindrical SINW is little. For the trilobal SINW,
the optical resonance peak blueshifts, and total light-absorption
intensity first increases and then decreases with the increase
of incident angle. The difference between the maximum and
minimum values of total light is 760 W - m™, accounting

for 9% of the maximum value, and that of obtainable /¢ is
35 mA - cm™, accounting for 11% of the maximum value.
The trilobal SINW also has a good tolerance for the incident
angle.

Table 2 shows that the total light absorption of the trilobal
SiNW can achieve 15,969 W - m~, which is 4398 W - m~?
higher than that of the cylindrical SINW, about 16 times higher
the total irradiance of AM 1.5 G. The best obtainable /¢ of
the trilobal SINW is 647 mA - cm™2, which is 166 mA - cm™
higher than that of the cylindrical SINW/, about 13 times higher
than that of the non-concentrating silicon solar cells. An appar-
ent power conversion efficiency of single trilobal SINW solar
cell will exceed the Shockley—Queisser limit, because the
trilobal SINW with two equivalent scales has absolute advan-
tages in light-capture capability. To obtain the excellent optical

Table 2. Total Light-Absorption Intensity and Obtainable Jsc of Trilobal and Cylindrical SiNWs

Trilobal SiNW Cylindrical SiINW
Absorption Intensity” Obtainable Js* Absorption Intensity” Obtainable Js*
Serial Number (W . m™2) (mA - cm?) (W . m2) (mA - cm™2)
1 7733 295 6152 252
2 7573 299 5945 242
3 7591 302 5402 219
4 6989 282 5207 210
5 2786 103 2475 96
6 7573 299 5944 242
7 11,846 476 8906 367
8 15,969 647 11,571 481

“Data are accurate to the integer bit; the geometric parameters corresponding to the serial number are shown in Table 1.
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properties of a single-SINW solar cell, it is important to over-
come the experimental preparation of trilobal SINWs. The
trilobal SINW can be fabricated by inductively coupled plasma
(ICP) etching with the etching mask on Si substrate. And it
is found that there are irregular trilobal SINWs in the SINW
array by the metal-assisted chemical etching method [34]. The
trilobal nanowire is expected to further improve the single-
nanowire solar cell’s efficiency by replacing a cylindrical single
nanowire.

4. CONCLUSION

In summary, we designed a trilobal SINW with two equivalent
scales, which is based on the relationship between the diameter,
height, and optical resonance peak in the cylindrical SINW.
The electric field is concentrated in the blades with small equiv-
alent scale in the short wavelength range (A < 0.46 pm) and in
the pivot with large equivalent scale in the long wavelength
range (A > 0.54 pm), and there are electric field distractions
at both blade and pivot in the medium wavelength range
(0.46 pm <1 £0.54 pm). This electric field distribution
proves that different equivalent scales correspond to different
positions of optical resonance peaks. Meanwhile, the relation-
ship between the geometric parameters and optical resonance
was obtained for improving the light-capture capability of
the trilobal SiNW. Then the light-absorption capacity and
obtainable /¢ of the trilobal SINW are higher than that of
the cylindrical SINW with the same cross section and height.
The total light absorption of a single trilobal SINW can
achieve 15,969 W - m2, about 16 times the solar irradiance of
AM 1.5 G, and the obtainable /¢ can achieve 647 mA - cm™2,
about 13 times that of non-concentrating silicon solar cells.
This work provides a new choice for designing single nanowire
with excellent light-capture capability.

APPENDIX A

The Appendix A section includes the absorption efficiency
spectra of trilobal SINW with different polarization directions,
as shown in Fig. 5.
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Fig. 5. Absorption efficiency (Gups/0geom) spectra of trilobal SINW
with different polarization directions; the illustration shows the
polarization directions.
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