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We investigate slanted silicon nanocone hole arrays as light absorbing structures for solar photovoltaics via simulation.
With only 1-um equivalent thickness, a maximum short-circuit current density of 34.9 mA/cm? is obtained. Moreover, by
adding an Ag mirror under the whole structure, a short-circuit current density of 37.9 mA/cm? is attained. It is understood
that the optical absorption enhancement mainly results from three aspects. First, the silicon nanocone holes provide a highly
efficient antireflection effect. Second, after breaking the geometric symmetry, the slanted silicon nanocone hole supports
more resonant absorption modes than vertical structures. Third, the Fabry—Perot resonance enhances the light absorption

after adding an Ag mirror.
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1. Introduction

Photovoltaic technology is a direct way to capture and
harvest solar energy in real-time. As the second-generation
photovoltaic cells,!!! thin-film solar cells have become a
promising alternative due to its less material consumption
and lower manufacturing cost.[?! However, the active layer
is too thin to absorb sufficient light without effective light
trapping schemes,!?] which results in low solar power con-
version efficiency. Therefore, developing light-trapping tech-
nologies becomes an effective way to achieve high opti-
cal absorption of thin-film solar cells. So far, more and
more combinations of different light trapping and antire-
flection structures have been reported, such as nanoholes
(NHs),*" nanowires (NWs), [8-121 nanoparticles (NPs),13-191

8,20-231 and nanocone holes(NCHs). 2430

nanocones (NCs),[
Recently, Zhang et al. attained a short-circuit current density
of 31.9 mA/cm? with an equivalent thickness of 1-um sili-
con by an optimized double-sided vertical NCH structure. 3!
However, most of the researches have focused on different
combinations of vertical NCHs, only few considered slanted
NCHs. As far as we know, only Eyderman et al. obtained
an impressive short-circuit current density of 35.5 mA/cm?
within 1 um equivalent thickness crystalline silicon over the
spectral range of 300 nm—1100 nm by investigating slanted
conical-pore photonic crystals with an Ag back-reflector. 3]
However, the optimum values of taper angles and tilt angles
of the slanted conical-pore were not studied in detail, and the

influence of the distance between Ag back-reflector and the
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active layer was not fully investigated.

In this paper, a slanted silicon NCH array is proposed,
which is not exactly the same structure as that demonstrated
by Eyderman er al.®'l A short-circuit current density of
37.9 mA/cm? is attained after optimizing the taper angle and
tilt angle and adding an Ag mirror under the whole structure.
Moreover, the fabrication of the NCH array has received con-
siderable attention currently. But it is hard to achieve a strictly
vertical one just as expected. For instance, Zhang et al. fab-
ricated highly-ordered silicon NCH arrays by integrating the
nanosphere lithography with the reactive ion etching (RIE)
method, > which turned into a slanted silicon NCH array with
different taper angles. Therefore, it is also of practical impor-
tance to study the characteristics of slanted silicon NCH array.

2. Simulation details

Figure 1(a) shows the schematic diagrams of the proposed
nanostructures. For further enhancing the optical absorption,
we locate an Ag back-reflector under the whole silicon NCH
array. The total material in the proposed slanted NCH array
textured thin film is equal to 1 pm-thick flat thin-film silicon.
In our simulation, we first rotate the vertical NCH around the x
axis at angle ¢ (the tilt angle of the NCH). Then we adjust the
position of NCH to make sure that it is arranged in the silicon
unit cell, which is positioned just as shown in Fig. 1(c). Af-
ter removing the excrescent part above the silicon top surface
we obtain the slanted silicon NCH as illustrated in Fig. 1(d).
Besides, 0 is the taper angle of the NCH and takes different
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values. For each value, the tilt angle ¢ ranges from O to 6/2.
Owing to the fact that if ¢ > 6 /2, the slanted NCH will extend
beyond the edge of the silicon unit cell. However, either 8 or
¢ is varying, the area of the hole on the silicon top surface
(Setipse) changes. To make sure that we just have one vari-
able at one time, we introduce the filling factor (FF) which
is given by FF = Seiiipse /Scent as illustrated in Fig. 1(b). Here
the Scey is the area of silicon unit cell surface, and we keep the
FF at m/4 in this study. Moreover, to set up our structure pa-
rameters more intuitively and conveniently in the simulation,
we introduce the parameters a, b and h as shown in Figs. 1(b)-
1(d). Parameters a and b are the lattice constants of the slanted
NCH along the x and y directions, respectively. While /% is the
height of the silicon unit cell. They are calculated using the
following equations (d is the equivalent thickness of silicon):

d
h= T M
6 6
a=nh [tan (§+¢> +tan <§—¢>} , 2)
2h . 0
b = WS]HE. (3)

Y
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Fig. 1. (color online) (a) Schematic diagram of the proposed slanted NCH
array textured silicon thin film layer with an Ag back-reflector located un-
der the bottom of it. (b) The top view of the slanted silicon NCH array.
Sellipse Tepresents the area of ellipse, while Scey represents the area of sili-
con unit cell surface. The filling factor FF = Sejjipse /Sce1- @ and b are the
lattice constants of the slanted NCH along the x and y directions, respec-
tively. Panels (c) and (d) show the side views of the slanted silicon NCH
before and after removing the excrescent part. 8 and ¢ are the taper angle
and tilt angle of the NCH, respectively. The black dashed line is the height
of the NCH while O is the middle point of the height. / is the height of the
silicon unit cell.

In our work, the electromagnetic field features are numer-
ically analyzed by the finite-difference time-domain (FDTD)
method (https://www.lumerical.com/). The dielectric func-
tions are modeled by using a Drude model for Ag and a
Drude—Lorentz model for Si. The mesh accuracy is 2. The bot-
tom surface of the textured silicon thin-film is in the x—y plane.
The plane wave source is illuminated from the top along the
z direction. Periodic boundary conditions are applied to the x
and y directions, and perfectly matched layer (PML) boundary
conditions are adopted in the z direction. The frequency do-
main power monitors are placed above and below the thin-film
to calculate the reflectance (R) and transmittance (7°), respec-
tively. The absorptance (A) is dependenton A =1—-R—T.

3. Simulation results and discussion

In order to obtain the optimum values of taper angles and
tilt angles, we first investigate the variation in resonant mode
of the silicon NCH array. Figure 2(a) shows the absorption
spectra of vertical (the tilt angle ¢ = 0°) NCH array for dif-
ferent taper angles. It is seen that for each 6, the absorption
spectrum presents some spikes especially for the wavelength
range of 700 nm—1100 nm. With the increase of 6, the num-
ber of spikes first increases and then decreases. Besides, the
intensities of spikes are also different from each other. Each
spike corresponds to a resonant absorption mode and all these
modes help to enhance the absorption. By contrasting the ab-
sorption spectra with each other, the absorption spectrum of
6 = 20° presents fewer spikes with higher intensity. The inten-
sities of spikes are lower for the absorption spectra of 6 = 40°,
6 =50°, 8 =60° and 6 = 70°. Only the absorption spec-
trum of 8 = 30° has advantages in both the number and the
intensity of spikes, namely, it is possible to achieve a better
absorption around 6 = 30°. To further analyze the number of
resonant modes and its intensity, we take the 8 = 20° NCH
array for example to discuss the influence of the tilt angle
on resonant mode. As plotted in Fig. 2(b), some spikes turn
stronger whereas some become weaker with the increase of ¢,
and moreover, some other spikes each split into two individ-
ual ones. As can be seen, from ¢ = 0° to ¢ = 2°, the number
of spikes increases while their intensities all decrease. From
¢ =2°to ¢ = 6°, both the number of spikes and their intensi-
ties increase. In addition, from ¢ = 6° to ¢ = 10°, there is no
obvious variation in the number of spikes though the intensity
of some spikes are different. As is well known, the strict struc-
tural symmetry can lead to the degeneration of some resonant
modes.[®! The structural symmetry decreases as ¢ increases,
while the number of spikes increases within a certain range of
¢. Therefore, within an appropriate ¢ range, the slanted NCHs
provide more resonant modes than the vertical NCHs.
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Fig. 2. (color online) (a) Absorption spectra of vertical (¢ = 0°) NCH ar-
ray for different values of taper angle (8). (b) Absorption spectra of the
6 = 20° NCH array with different values of tilt angle (¢). The absorption
spectra in panels (a) and (b) are shifted from each other in the vertical axis
for clarity.

As is shown in Fig. 2(a), the absorption spectrum of
6 = 30° NCH array shows superiority in both the number and
the intensity of resonant modes. It is possible to obtain the
optimum values of taper angles and tilt angles around the pa-
rameter 6 = 30°. Therefore, we take five values for the taper
angle 6 which are 20°, 26°, 30°, 36° and 40°, respectively. For
each value, the NCH will be rotated 0 ~ 6 /2 degrees and short
circuit current density (Jc) will be calculated for each case. As
shown in Fig. 3(a), we obtain our best Jy. 34.9 mA/cm? when
6 = 30° and ¢ = 12°. Besides, when 0 is a constant, the Jg
mainly first increases and then decreases as ¢ increases. How-
ever, when ¢ is a constant, the J first increases with 6 and
then decreases after the 6 has reached a certain value, which is
more evident visually in Fig. 3(b). Moreover, in a large range
of ¢, the Jy of the slanted NCH array is larger than that of the
vertical ones. In other words, light absorption enhancement of
slanted silicon NCH is better than that of the vertical one. Fur-
thermore, for 6 = 26°, 6 = 30°, and 0 = 36°, their J,. values
exceed the Yablonovitch limits (Y limit) in a certain range of
¢. It illustrates that we can gain a high Js. over a large range
of 0 and ¢. This also means that the NCH fabrication error is
allowed and the manufacturing difficulties are reduced.
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Fig. 3. (color online) (a) Comparison between the short-circuit currents
generated by silicon NCHs with different 6 and ¢ and the Yablonovitch
limit (Y limit). (b) The 3D-histogram of the short-circuit currents under
different ¢ values of silicon NCH with different 6 values, which is used
for visual clarity and sharp contrast.

For further comparison, we take several solar cells with
different light absorbing structures, including a nonpatterned
solar cell which serves as a reference, a solar cell with a ver-
tical silicon NCH array (6 = 30°, ¢ = 0°), and a solar cell
with a slanted silicon NCH array (6 = 30°, ¢ = 12°), labeled
as “nonpatterned”, “vertical”, and “slanted”, respectively. To
assess the absorption performances of these light absorbing
structures, the spectrum of the Yablonovitch limit, namely the
theoretical limit of silicon absorption, is also used as another
reference. Figure 4 illustrates the absorption enhancements
of different configurations. It is seen that the absorptances of
the “vertical” and “slanted” cells are significantly enhanced
compared with a “nonpatterned” cell over the whole wave-
length range investigated. This is mostly attributed to two rea-
sons. Firstly, the gradient of effective index of the NCH ar-
ray causes the incident light to be reflected at different depths
from the interface between air and silicon. As a result, the re-
flectance is suppressed by destructive interferences. Secondly,
the NCH array provides more resonant modes than the non-
patterned silicon thin film. Moreover, the absorptance of the
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“slanted” cell is better than that of the “vertical” cell at the
long wavelengths, due to the fact that the symmetry breaking
of the slanted NCH array induces additional resonant modes
and enhances the absorption. %]
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Fig. 4. (color online) Absorption spectra under normal incidence from
AML.5 solar irradiance. The olive square curve represents the absorption
spectrum of the nonpatterned solar cell, the pink triangle curve denotes the
Yablonovitch limit (labeled as the Y-limit), while the red circle curve and
the blue triangle curve refer to the absorption spectra for the “vertical” cell
and the “slanted” cell, respectively.
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To intuitively understand the physics behind the ultimate
device for optical absorption enhancement, the electric-field
intensity profiles are analyzed in detail. As shown in Fig. 4,
the clear difference of absorptance between the “vertical” and
the “slanted” cells appears at the long wavelengths. We take
926.234 nm as a special wavelength of the long wavelengths
to study the electric-field intensity, owing to the fact that the
difference of absorptance between various cells is biggest at
926.234 nm. For the “nonpatterned” cell of Fig. 5(a), the
profile is of typical Fabry—Perot resonance. As shown in
Figs. 5(b) and 5(c), a large part of the light is concentrated
in the “vertical” and “slanted” cells. This confirms that the ab-
sorptances of the “vertical” and “slanted” cells are higher than
that of the “nonpatterned” cell. The absorption enhancement
results from the antireflection and the optical coupling of the
NCHs. In addition, figure 5(c) shows a more extensive and
stronger optical absorption concentrating in the silicon around
the slanted NCH than around the “vertical” cell. This is at-
tributed to the absorption enhancement of the “slanted” cell in
a long wavelength range, which is contributed by the symme-
try breaking of the slanted NCH array.

y/pm

Fig. 5. (color online) Electric-field intensity profiles at 926.234 nm for (a) “nonpatterned” solar cell, (b) “vertical” solar cell, and (c) “slanted” solar cell.

Finally, in order to further improve the short-circuit cur-
rent density, we add a 100-nm-thick Ag back-reflector under
the slanted silicon NCH array, which is labeled as “hybrid”
(See Fig. 1(a)). By changing the distance (D) between the ac-
tive layer and the Ag back-reflector from O nm to 3000 nm in
steps of 50 nm, a short-circuit current density, 37.9 mA/cm?,
is obtained when D = 600 nm as shown in Fig. 6(a). It is seen
that the short-circuit current density fluctuates as distance D
increases. This is attributed to the Fabry-Perot resonances of
light at long wavelengths. It may seem unreasonable that the
NCH absorbing structure separates from the Ag back-reflector
by an air gap. However, many groups have investigated the
detached back-reflector.’?33] Etienne ef al. studied the effect
of the rear-dielectric/Ag back-reflector design on the optical

performance of the thin-film silicon solar cells by means of
detached reflectors. 3! One of Etienne et al.’s designs is a tex-
tured Ag reflector separated from the silicon layer with an air
gap.

The absorption spectra of the “hybrid” cell with D =
600 nm and “slanted” cell are shown in Fig. 6(b). It re-
veals that the absorption enhancement exists in the wavelength
range of 500 nm—1100 nm. This is due to the fact that Ag pos-
sesses lower absorption loss and the Ag back-reflector can re-
flect the transmitted light back into the active layer effectively.
Moreover, the incident light and the light reflected by the back-
reflector can interfere constructively in the active layer, which

also contributes to the absorption enhancement.
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Fig. 6. (color online) (a) Short-circuit current density of the “hybrid” cell
as a function of distances D between the active layer and Ag back-reflector.
(b) Absorption spectra under normal incidence from AM1.5 solar irradi-
ance. The pink triangle curves and the blue circle curves represent the
absorption spectra for the “slanted” cell and the “hybrid” cell, respectively.

4. Conclusions

In this work, the slanted silicon NCH arrays as a light ab-
sorbing structure for solar photovoltaics is investigated. The
effectiveness of light trapping of the slanted NCH array is
presented. First of all, we analyze the variations in resonant
modes of the NCH array with different taper angles and tilt
angles. Furthermore, we discuss the advantages of the slanted
NCHs in light-trapping by comparing with the vertical ones.
With our proposed light trapping structure, a thin-film silicon
solar cell with a thickness of 1 um could generate a short-
circuit current density of as high as 34.9 mA/cm? over the
spectral range of 300 nm—1100 nm.

This is attributed to two reasons. Firstly, the gradual
changing of the refractive index of the slanted NCH con-
tributes to optical coupling and anti-reflection effects. Sec-
ondly, symmetry breaking of the slanted NCH contributes to
the generation of resonant modes.!® Finally, in order to ob-
tain a higher short-circuit current density, we add an Ag back-
reflector under the bottom of the NCH structure and discuss
the influence of the distance between the Ag mirror and the
NCH structure on optical absorption. In an optimal scheme,
a short-circuit current density of 37.9 mA/cm? is attained.
The results of our investigation of the optical properties of the

slanted silicon NCH arrays indicate that the slanted NCH array
is an efficient light absorbing structure for solar photovoltaics.
Our work provides an in-depth understanding of the mecha-
nism of optical absorption enhancement of the slanted silicon
NCHs, which may be used in future advanced solar photo-
voltaics.
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