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Abstract

for high-efficiency solar cells.
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The reflectance of the controlled periodic Si nanowire (NW) arrays is systematically explored, which characterizes
the influence on the solar energy harnessing ability by the geometries of the NW. A unique dependence of the
reflectance of the Si NW array on the diameter, the height, and the bending of the NW are disclosed. The solar
energy loss caused by the reflection of the Si NW array exhibits the minimum for the NW with intermediate
diameter and length. A plane-wave-based transfer-matrix method (TMM) simulation is performed, which is well
consistent with the experimental results. Our results demonstrate the design principle to optimize the Si NW arrays
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Background

Semiconductor nanowires (NWs) have been of great inter-
est for their innovative applications in optoelectronic
devices, such as solar cells, lasers, photodetectors, and
sensors [1-6]. In particular, due to the strong scattering of
incident light within the NW array, solar energy loss due
to the reflectance from the NW arrays is substantially re-
duced. This is crucial for the high-efficiency solar cells.
Accordingly, the solar cell is one of the most promising
applications of the semiconductor NWs, which has been
proven to have the ability of harnessing more incident
light with fewer materials than the traditional wafer-based
solar cells [7]. This property satisfies the need for solar
cells with higher efficiency at lower cost. Extensive in-
vestigations have been done for the application of semi-
conductor NWs on solar energy conversion. However,
although the conversion efficiency of a single-N'W solar
cell has successfully exceeded the Shockley-Queisser
limit [8], the efficiency of solar cells based on NW array
is still not high enough for industrial application. One
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of the most significant reasons for the limited efficiency
of the NW-array solar cells is associated with the lack of
understanding on the exact influence of the NW geom-
etries to the solar energy harnessing ability. The optimal
geometries with regard to the period, the diameter, and
the height of semiconductor NW array for solar energy
harnessing have not been realized yet. Enormous efforts
[9-23] have been devoted to study the influence of geom-
etries on the solar energy harnessing ability of the semi-
conductor NW arrays. For quite small NWs, theoretical
studies indicate that the diameter and the length of the
NWs considerably affect the reflectance [9,10]. Monotonic
decrease of the reflectance with the increase of the NW
diameter was also observed [12]. The reflectance is also
considerably affected by the slope of the NWs [16]. In
addition, overall impacts of the diameter and the height
on the properties of the NW-based solar cells were stud-
ied [7,11], which are associated not only with the light
trapping in the NWs but also with the carrier generation
and collection in the NWs. One advantage of the NW-
based solar cells is that the NWs favor the decoupling be-
tween the light management and the carrier collection,
which enables the independent optimization on the op-
tical and the electrical properties of the NW-based solar
cell. However, the systematic studies about the impact of
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the diameter and the height on the reflectance of the
NWs have not been done. No comprehensive understand-
ing on how to optimize the geometries of the NWs for the
high-efficiency solar cells has been obtained.

In this paper, we report on the systematic studies of
the reflectance of the controlled and ordered Si NW
array. By the combination of nanosphere lithography
and metal-assisted chemical etching (MACE), periodic Si
NWs with desired period, diameter, and height can be
readily obtained. The reflectance spectra of Si NW array
with the different diameters and the different lengths are
measured. The solar energy loss caused by the reflection is
calculated based on the reflectance spectra to characterize
the solar energy harnessing ability of the Si NW array.
Unique dependence of the reflectance on the diameter
and the height of the Si NWs are observed. A plane-wave-
based transfer-matrix method (TMM) is applied to simu-
late the solar energy loss due to the reflectance of the Si
NW array with different geometries, which agrees well
with the experimental data. Our results demonstrate some
significant guides to optimize the NW geometries for in-
dustrial application of ordered Si NW array in solar cells
with the high efficiency.

Methods

The schematic illustration for the fabrication of ordered Si
NWs is shown in Figure 1. Polystyrene (PS) nanospheres
are first self-assembled on the Si (001) substrate, which
are compactly arranged in a hexagonal lattice, as shown in
Figure 1a. The PS nanospheres are then etched by a react-
ive ion etching (RIE) to shrink the diameter to desired
size, as shown in Figure 1b. After that, an approximately
20-nm thick Au layer is deposited on the PS-covered sub-
strate, as shown in Figure 1c. The Si underneath the Au is
then etched by a mixture of 30% H,O, and 40% HF (1:4
(v/v)). The solution keeps etching away the Si underneath
the Au layer much faster than those under the PS
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nanospheres, which is so called MACE. As a result, Si
NWs oriented along [001] direction are obtained, as
shown in Figure 1d. The Au and Au-Si alloy are re-
moved by a solution of I,:KI: H,O (1:4:40). To remove
the remaining PS nanospheres, another RIE process is
used. Finally, the ordered Si NW arrays are obtained, as
shown in Figure le. The period of the Si NWs is exactly
determined by the original diameter of the PS nano-
spheres. Accordingly, desired period of the Si NWs can
be obtained by modifying the diameter of the original
PS nanospheres. The diameter and the height of the Si
nanopillars are subject to the time of the RIE and the
MACE processes, respectively.

The geometries of the Si NWs are characterized using a
scanning electron microscope (SEM) (Philips XL30 FEG,
Royal Philips, Amsterdam, The Netherlands). The reflect-
ance was measured by a PerkinElmer LAMBDA 950 UV/
Vis/NIR spectrophotometer (PerkinElmer, Waltham, MA,
USA) with an integrating sphere. The simulations of reflect-
ance were conducted by a plane-wave-based TMM [24,25].

Results and discussion
Figure 2a shows the SEM image of ordered PS nano-
sphere array after the RIE process. The nanospheres are
well arranged in a hexagonal lattice and quite uniform
in size. Based on this patterned PS nanosphere array,
the vertically aligned Si NWs with the (001) orientation
are readily obtained after the MACE, as shown in
Figure 2b. The ordering and the uniformity both remain
well. The period and the diameter of the Si NW are con-
trolled by the size of the original PS nanospheres and
the condition of the RIE process, respectively. In addition,
after the etching processes, the Si NWs appear like cylin-
ders oriented along [001] direction without specific facets
at sidewalls.

The height of the Si NWs can also be readily controlled
in the MACE process. Figure 3a, b, ¢, d shows SEM
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Figure 1 Schematic illustration of the fabrication of ordered Si nanopillars. (a) A close-packed monolayer of PS nanospheres on a clean Si
substrate, (b) after RIE, (c) after Au deposition, (d) after the MACE, and (e) after the removal of the Au and the remained PS nanospheres.
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Figure 2 SEM images. (a) A typical PS nanosphere array. (b) The Si
NW array after the MACE process.

images of the Si NW arrays obtained with the etching
times of 2.5, 8.5, 14.5, and 20.5 min, respectively. The cor-
responding heights of the Si NWs are about 0.54, 2.03,
3.35 and 4.59 pm, respectively. The period and the diam-
eter of the Si NWs are 500 nm and 340 nm, respectively.
It is found that the height of the Si NWs with the same
period and diameter is almost linearly proportional to the
etching time. Accordingly, the height of the Si NWs can
be easily controlled by the etching time. The Si NWs re-
main well-ordered after a long etching time. Whereas, due
to the effect of the liquid-surface tension force exerted on
the NWs during the drying process of the sample [26], the
Si NWs with a high aspect ratio (>10 in our case) tend to
be slightly bended, as shown in Figure 3c, d. It is also
worth noting that the bending angle increases with the
height of the Si NWs.

Figure 4 shows the spectra of the total reflectance of
the Si NW arrays with diameters of 180 nm, 280 nm,
340, and 400 nm, respectively. The period and the height
of the Si NWs in all the samples are 500 nm and ap-
proximately 2.03 pm, respectively. The total reflectance
of a polished flat Si substrate is also shown in Figure 4
as a reference. It can be seen that the reflectance of the
Si NW array is dramatically decreased in comparison
with that of the flat Si substrate. In addition, the reflect-
ance of the Si NW array shows a strong dependence on
the diameter of the Si NWs. Moreover, such dependence
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is not monotonous. The Si NW array with the diameter
of 340 nm exhibits the lowest reflectance, which re-
mains lower than 5% throughout the wavelength range
from 400 to 1, 000 nm. This result indicates that the Si
NW array with the intermediate diameter tends to have
the lower reflectance, which is consistent with the previ-
ous ones [7,14].

The total reflectance of the Si NW array is also consid-
erably affected by the NW height. Figure 5 shows the
total reflectance spectra of the Si NW arrays with the
heights of 0.54, 1.22, 2.03, 3.35, and 4.59 pm, respectively.
All the Si NW arrays have the same period (500 nm)
and diameter (340 nm). Interestingly, the total reflectance
tends to decrease first and then increase with the increase
of the NW height. The lowest reflectance is observed from
the Si NW array with the height of 2.03 um. Such a
dependence of the reflectance on the NW height is
much different from the previous theoretical simula-
tions [9,10,17].

To further clarify the influence of the NW geometries
on the solar energy harnessing ability of the Si NW array,
the solar energy loss (SEL) caused by the reflection of the
Si NW array is calculated according to the Equation 1,

1000
SEL =

400

I(V)a())d) (1)

where /(1) is the solar energy intensity as a function of
the wavelength A at AM1.5 [27] and a(1) is the mea-
sured reflectance of the Si NW array as a function of the
wavelength. The SELs calculated from the measured re-
flectance spectra (seen in Figure 4) of the Si NW arrays
with different diameters is shown in Figure 6a. Appar-
ently, the SEL of the Si NW array tends to decease first
and then increase with the increase of the NW diameter.
The minimum SEL appears for the Si NWs with a diam-
eter of approximately 340 nm. In addition, the SELs of
the Si NW array with different heights of the Si NWs

Figure 3 SEM images of ordered Si NW arrays with different height. (a) 0.54 um, (b) 2.03 um, (c) 3.35 um, and (d) 4.59 um.
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Figure 4 Total reflectance of the Si NW array with different
diameter. The period and height of all the samples are 500 nm and
2 um, respectively.

are also obtained, as shown in Figure 6b. It is clearly
demonstrated that the SEL of the Si NW array tends to
decrease first and then increase with the increase of the
Si NW height. The minimum SEL appears for the Si
NWs with the height of approximately 2 pum.

To understand these unique dependences of the re-
flectance on the geometries of the Si NWs, the TMM
simulation is performed to simulate the total reflectance
of the Si NW array, which has been proven to be very
effective for dealing with the periodic NWs [9,24,25]. In
the simulation, the incident light is normal to the Si NW
array, and the scattered omnidirectional light is consid-
ered. Based on the simulated results, the SEL of the Si
NW array with different diameter and height is then cal-
culated, as shown in Figure 6a, b, respectively. The simu-
lated SEL of the Si NW arrays with the different diameter
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Figure 5 Total reflectance of the Si NW array with different
height. The period and diameter of all the samples are 500 nm and
340 nm, respectively.
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is well consistent with the experimental one. Obviously,
both the experimental and the simulated results show a
similar dependence of the SEL of the Si NW array on the
diameter. Interestingly, it can be found that the simulated
SEL of the Si NW array monotonically decreases with the
increase of the NW height, as denoted by open stars in
Figure 6b, if all Si NWs are assumed to be straight. The
simulated SEL of the Si NW array is remarkably smaller
than the experimental one for the long and straight NW
(e.g., longer than 2 um); although for the short NW the
simulated results agree well with the experimental ones,
as shown in Figure 6b. A close inspection of the SEM in
Figure 3¢, d shows that the Si NW with the length longer
than 2 pm is bent near the top. In addition, the bending of
the NW becomes more pronounced for the longer one.
Taking into account the bending of the long NW based
on the SEM images, the simulated SEL then agrees well
with the experimental one, as denoted by open circles in
Figure 6b.

Such unique features of the solar energy harnessing
ability of the ordered Si NW array are worth to be fur-
ther exploration. The influence of the NW diameter on
the anti-reflection ability of Si NWs has been studied ex-
perimentally by measuring specular reflectance [27]. The
specular reflectance was found to increase with the diam-
eter [28]. However, the total reflectance exhibits more
complicated dependence on the diameter, which is con-
sistent with the previous theoretical simulation based on
the wave optics [10]. This result can be understood in
terms of the effective medium approximation of the Si
NW array. The Si NW array has been approximated to
be an effective medium layer (EML) [13,16,19]. For the
NWs with the small diameter, there will be an effective
sharp interface between the EML and the substrate,
where strong reflectance occurs. For the NWs with the
large diameter, an effective sharp interface will appear
between the air and the EML, leading to the strong re-
flectance. Accordingly, the reflectance should not be
monotonically changed with the NW diameter. The
minimum reflectance appears for the Si NW array with
an intermediate diameter.

The dependence of the solar energy harnessing ability
on the height of the Si NWs has also been reported by
several groups. It was found that the SEL of the Si NW
array decreases with the increase of the height of the Si
NWs due to the increased light scattering in the nano-
structures [9,14,17]. However, our experiments demon-
strate the unique dependence of the SEL of the Si NW
array on the NW height, which is considerably different
from the previous one [9,14,17]. For straight NWs, the
TMM simulations result in the decrease of the SEL of
the Si NW array with increasing of the NW height,
which are consistent with the previous experimental re-
sults [9,14,17]. On the other hand, the long Si NW's tend
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Figure 6 SEL of Si NW array. (a) versus the diameter of the Si NW, (b) versus the height of the Si NWs. The SEL for bending Si NW array is also
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to be bent on the top in our cases. Taking into account
the bending top of the long NWs, the TMM simulations
of the SEL of the long Si NWs demonstrate an increase
of the SEL of the Si NW array with increasing of the
NW height, which agrees well with our experimental
data. Such abnormal increase of the SEL from the long
Si NW is mainly due to the bending geometry of the Si
NW with a high aspect ratio (>10). The bending top of
the Si NW can cause additional reflectance of the inci-
dent light. As the bending angle increases with the Si
NW aspect ratio, the additional reflectance increases
with the NW height, leading to the abnormal depend-
ence of SEL on the NW height.

Our results clearly demonstrate that the solar energy
harnessing ability of the Si NW array is intimately asso-
ciated with the geometries of the NW. An insightful
understanding on the effect of the NW geometries to
the reflectance of the NW array is provided. According
to our results, the optimized diameter and aspect ratio
for the Si NW array with the periodicity of 500 nm is
340 nm and approximately 6, respectively. Such findings
may help to design and fabricate novel solar cells with
the high efficiency based on the optimized Si NW array.

Conclusions

In summary, a feasible route to fabricate ordered Si NW
arrays in a large area is developed. The systematic stud-
ies on the reflectance of the Si NW array are carried
out. The unique dependences of the solar energy har-
nessing ability on the geometries of the Si NW are dis-
closed. These results are well explained based on the
TMM simulation. Our results indicate that the geom-
etries of the NW can considerably affect the perform-
ance of the NW-based solar cells. Our findings can
serve as a guide to optimize the NW array for the fabri-
cation of the high-efficiency solar cells.
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