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In this letter, optimum periodic Si nanowire (SiNW) arrays are designed via simulation for solar cell
application, in terms of the structural parameters, e.g., the array periodicity (P) and SINW diameter
(D). Tt is found that the more efficient light absorption compared to that of the Si thin film with
the same thickness could be realized when P is between 250 and 1200 nm. Further, the ratio of
D to P should be >0.5 (or more specifically ~0.8) for the optimized solar energy harvesting. The
underlying physics is also discussed in this work. © 2009 American Institute of Physics.

[doi:10.1063/1.3275798]

Thanks to their uniquely combined optical and electrical
characteristics, Si nanowire (SiNW) arrays have received
considerable attention for solar cell application.lf6 Especially
low grade Si raw materials can be utilized when integrating
the SINW arrays, as the light absorption and photogenerated
carrier extraction processes can be decoupled,7’8 which is
beneficial to lower the manufacturing cost. The enhanced
light absorption by SiINW arrays has been demonstrated em-
pirically due to the efficient antireflection to the incident
light, espe01ally in the high energy regime of the solar
spectrum % 1t is also observed that periodic SINW arrays
are desirable for such a purpose Recently, the impact of the
SiNW length (L) and diameter (D) on the optical character-
istics of the SINW arrays is reported based on a fixed array
periodicity (P) of 100 nm.'> The simulation results show that
the excellent light absorption close to 100% is achievable in
the high energy region of the solar spectrum (>~2.8 eV),
in agreement with the experimental results.”'" It further in-
dicates that the total solar energy harvesting of the SINW
arrays in the energy region of 1-4 eV, covering the major
energy range of the solar spectrum, is lower than that of the
Si thin film with the same thickness due to the poor light
absorption in the low energy region of the solar spectrum
(<~2 eV), though it is observed that the light trapping ca-
pability can be improved with the SINW diameter.'> As will
be seen in the following analysis, the overall-inferior light
absorption of the above-mentioned SiNW arrays can be at-
tributed to their relatively small feature, i.e., the short peri-
odicity of 100 nm.

In this letter, the impact of the SiNW array P on its
optical characteristics is systematically investigated via
simulation. Our results indicate that the light absorption can
be significantly varied when modifying the array P. It is
found that much more efficient light absorption compared to
that of the Si thin film with the same thickness can be real-
ized when P is set between 250 and 1200 nm. Further, the
ratio of D/ P should be >0.5 (or more specifically ~0.8) for
the optimized solar energy harvesting. The wide window in
terms of the SINW D and array P for improving solar energy
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harvesting shall facilitate the manufacturing of the highly
ordered SiNW arrays for solar cell application. The physics
behind the observation is also discussed in this work.

Figure 1 shows the schematic of the SINW array struc-
ture used in this study. The SINW length is set as 5000 nm,
considering the trade-off between the light trapping and the
required good standing capability of the SINW arrays, which
is required by the conformal deposition of the transparent
electrode on the SiNW surface uniformly for efficient photo-
generated carrier extraction along the radial direction. The
incident light is in parallel to the SINW axis, and the energy
range of the incident light varies from 1 to 4 eV, correspond-
ing to the wavelength from ~1240 to 310 nm, which covers
the major solar spectrum in interest."” The s1mulat1on is per-
formed using a full wave finite element method."* The inter-
action between the incident light field and the aforemen-
tioned structure is realized through infinitely extending the
structural unit having the height of 5000 nm and the dimen-
sion equal to the SINW array P, as indicated by the dot line
of Fig. 1, in the two-dimensional space by applying the pe-
riodic boundary condition. The optical information is thus
obtained from the spatial distribution of the energy flux,
stemming from the interaction between the incident light and
the Si structure.

Inmdent light

FIG. 1. (Color online) Schematic of the SINW array structure used in this
study. The SINW length is 5000 nm. The array periodicity and SINW diam-
eter vary. The incident light is in parallel to the SINW axis.
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FIG. 2. (Color online) (a) Absorption, (b) reflection, and (c) transmission
spectra of the SINW arrays as a function of P. The ratio of D/ P is set as 0.5.
The ultimate efficiency is summarized in (d). The 5000 nm thick Si film
serves as the reference.

Figures 2(a)-2(c) depict the absorption, reflection, and
transmission spectra of the SINW arrays with different P and
the fixed D/ P ratio of 0.5. It is obvious that for the SINW
array with a small P, e.g., ~100 nm, the light absorption
(>95%) mainly occurs in the higher energy regime
(>2.8 eV), consistent to Hu’s observation.'” With the in-
crease in P, the absorption edge significantly shifts toward
the low energy region, which is attributed to the considerable
reduction in the light transmission in the low energy region
[Fig. 2(c)]. When P is set as 300 nm, higher light absorption
than that of the 5000 nm thick Si film is seen for the energy
above ~1.6 eV. It is noted that the further increase in P will
lead to the decrease in the light absorption in the higher
energy region (>2.5 eV), which is correlated with the in-
creased light reflection [Fig. 2(b)]. From Figs. 2(b) and 2(c),
the light reflection suppression is believed to be the major
reason responsible for the improved light absorption ob-
served in all SINW arrays as compared to the 5000 nm thick
Si film.

The aforementioned observations can be explained from
the point of view of wave optics.15 In the low energy region,
as the light wavelength is much longer than the SiNW fea-
ture, especially for the SINW arrays with short periodicities,
(e.g., when P=100 nm), the incident light can thus easily
penetrate through the SINW arrays, resulting in the high light
transmission."> On the other hand, the wavelength of the in-
cident light in the high energy regime (>2.8 eV) becomes
comparable with the SINW feature. For example, the wave-
length of the light at 3 eV propagating in the SINW arrays
with the D/P of ~0.5 is ~160 nm based on the effective
medium approximation.16 Accordingly, the scattering effect
to the incident light will be dominant, which prolongates the
optical path length, and thus significantly boosts the light
trapping and suppresses the light transmission.'”"'® With the
increase in P, the incident light with the wavelength compa-
rable with the SINW dimension would shift toward the low
energy end, especially for P<300 nm, as indicated in Fig.
2(a). Further it should be noted for the large P, e.g., 1300
nm, the separation between neighboring SINWs would be-
come larger than the incident light wavelength in the high
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FIG. 3. (Color online) (a) Absorption, (b) reflection, and (c) transmission
spectra of the SINW arrays as a function of D. P is set as 300 nm. The
ultimate efficiency is summarized in (d). The 5000 nm thick Si film serves
as the reference.

energy regime, leading to the notable light transmission.

Ultimate efficiency () is used to evaluate the light ab-
sorption calgability of the SiNW arrays for solar cell
application."*">'” Fig. 2(d) shows the 7 as a function of P.
In agreement with the absorption spectra, # is significantly
enhanced and exceeds that of the Si film with the same thick-
ness, i.e., 5000 nm when increasing P from 100 to 250 nm.
As P is further increased to ~600 nm, 7 increases slightly
to a maximum value of ~24%, due to the combined effects
of the suppressed light transmission in the low energy regime
and the increased light reflection. It is noted that when P is
>600 nm, 7 decreases slightly due to the light transmission
in the high energy regime in addition to the increased light
reflection with P.

Figures 3(a)-3(c) show the optical characteristics of the
SiNW arrays with different SINW D at a fixed P of 300 nm.
The increase in the SINW D would also shift the absorption
edge toward low energy end and thus facilitate the photon
utilization in the low energy regime, which is similar to the
case of increasing P (the increase in P shall lead to the D
increase due to the fixed D/ P ratio of 0.5 as in the analysis
of Fig. 2). On the other hand, due to the minimized area
between the neighboring SINWs when increasing D, the light
reflection would be increased, and the light transmission
would be suppressed. For the case of D=P, the properties of
the SINW array become comparable to that of the Si thin
film with the same thickness. Accordingly, there also exists a
trade-off between the light transmission suppression and the
light reflection enhancement with the increase in D for the
case of fixed P, which leads to the first increase and then the
decrease in 7, as shown in Fig. 3(d). It is worth mentioning
that this result does not follow the trend reported in Ref. 12,
in which 7 monotonously increases with D, but the value is
still lower than that of the Si film with the same thickness as
the SINW arrays.

Figure 4 illustrates the calculated maximum 7 and the
corresponding D/ P for the SINW arrays as a function of P
from 300 to 900 nm. It is interesting that for each P, the
maximum 7 can be found when D/P is ~0.8. n of ~30.5%
can be realized at the P of 600 nm when D/P is ~0.8.
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FIG. 4. (Color online) Maximum ultimate efficiency and the corresponding
D/P for the SINW arrays as a function of P from 300 to 900 nm. The
ultimate efficiency of the 5000 nm thick Si film serves as the reference.

In conclusion, we have studied the optical characteristics
for the SINW arrays in terms of the array periodicity and
SiNW diameter. It was found that the light absorption of the
SiNW arrays is sensitive to the array periodicity, and the
superior ultimate efficiency than that of the Si film with the
same thickness (5000 nm) is achievable for the SINW arrays
when P is set between 250 and 1200 nm. Further, the ratio of
D to P should be >0.5 (or more specifically ~0.8) for the
optimized solar energy harvesting. The wide window in
terms of the SINW D and array P for improving solar energy
harvesting shall facilitate the manufacturing of the highly
ordered SiINW arrays for solar cell application.
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