APPLIED PHYSICS LETTERS 99, 133105 (2011)

Enhanced reflection from arrays of silicon based inverted nanocones
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We report enhanced reflection displayed by arrays of silicon based inverted nanocones. Theoretical
studies suggest that such arrays display enhanced reflection and photonic band gaps within the
optical and near infrared regions. Measured results show three to four fold enhancement in
reflection and agree well with calculations. Such arrays can be used to enhance infrared reflection
in photovoltaic devices which mostly contribute towards heating. © 2011 American Institute of

Physics. [doi:10.1063/1.3633119]

Silicon nanopillars (NPs) are being explored in a num-
ber of applications. Their electrical properties have been
used in solar cells," photoluminescence and other photovol-
taic (PV) devices.”” Additionally, periodic arrays of cylin-
drical silicon (Si) nanopillars have also been shown to act as
photonic crystals.* These NP lattice structures display band
gap regions, with no allowed electromagnetic wave propaga-
tion, in the optical and infrared regions.

It has been reported that tapered and cone-shaped Si
NPs produce refraction related optical losses in devices like
two-dimensional (2D) planar photonic crystal waveguides.”
Due to the index profile variation across the height of the
nanocones (NCs), light propagating through their 2D lattice
is refracted downward towards the cones bases which exhibit
a higher refractive index.® This phenomenon has been used
to produce Si NCs based antireflective coatings and to
enhance the absorption in PV and other solar-energy harvest-
ing applications.”” Although there is a need to further
improve absorption in the optical regime, at the same time it
is also desirable to enhance the reflection in the infrared (IR)
region which cannot be absorbed by the semiconductor.
Such IR light which enters the PV cell leads to loss of per-
formance through heating due to absorption on the back
metal and substrate. This is a particularly severe problem for
PV cells operating under concentrated light.

While following the same principle of increased absorp-
tion, the reflection of the desired frequencies from Si based
surfaces can be enhanced by utilizing inverted cone shaped
nanopillars. The refraction around the inverted cone suggests
that the impinging radiation can be preferentially reflected
back from the surface. We report in this paper the enhanced
reflection displayed by square lattice periodic arrays of
inverted silicon NCs. Arrays of inverted NCs having radius
of the order 50 nm and the lattice constants of 300 nm and
400 nm are studied. Through theoretical studies, it was found
that these high density arrays display photonic band gaps
within the optical and near IR regime. Measured results were
in excellent agreement with the calculations.
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The periodic arrays with nano-scaled dimensions, lattice
constants a of the order 300400 nm, display band gaps
within the optical spectrum. To study the band gaps dis-
played by the square lattice arrays of Si NPs, theoretical
analysis was conducted using the plane wave expansion
(PWE) method. Square lattice arrays display band gap
domains only towards light polarized parallel (transverse
electric (TE)) to the NPs, while light polarized perpendicular
(transverse magnetic (TM)) to the pillars propagates through
the lattice. The calculated TE-mode band gaps displayed by
the square lattice arrays with lattice constant ¢ =300 nm and
400 nm are shown in Figure 1. The dielectric constant for the
NPs was set to ¢ =13 4 0.02i." The band diagrams show the
normalized frequency plotted against the incident directions
into the square lattice (G, X, and M as shown in Figure 1(c)).
The TE-mode calculations show that the arrays with @ =300
nm displays three band gaps extending from 619 to 855 nm
(wa/2nc =0.4838-0.3401), 456 to 457 nm (wa/2nc = 0.6542
0.6527), and 334 to 344 nm (wa/2nc =0.3338-0.3438). The
less dense array with @ =400 nm displays two band gaps
extending from 805 to 970 nm (wa/2nc =0.497-0.4115) and
from 572.6 to 572.8 nm (0.6983-0.6981), as shown in Fig-
ures 1(a) and 1(b).

These photonic band gaps represent regions where no
propagation through the lattice is allowed for incident light
from every direction (G, X, and M). However, during the
device characterization, the spectral measurements were per-
formed for the incident light propagating in the X direction.
Therefore, for the detailed analysis of the X direction band
gaps and wave propagation through the arrays, finite element
modeling (FEM) was performed. Figure 1(c) shows the simu-
lated geometry used to calculate the light transmission through
the lattice. For the purpose of simplicity, a 2D geometry of Si
NPs of radius 50 nm and infinite heights was used, without
considering the inverted cone shape. The cone shape leads to
the superposition of different band gaps and changes their fre-
quency ranges due to the interaction of light with varying radii
of the cones. However, the localizations of the major band
gaps remain the same.

The simulations were carried out for light ranging from
400 to 1600 nm and polarized both parallel (TE) and perpen-
dicular (TM) to the axis of the silicon pillars. The calculated
X direction transmission spectra through the arrays with
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a =300 nm and 400 nm are shown in Figures 1(d) and 1(e).
The TE transmission spectrum for lattice with @ =300 nm
show band gaps regions extending from 490 to 550 nm and
670 to 1150 nm. The arrays with ¢ =400 nm display band
gaps from 470 to 710 nm and 820 to 1290. In both cases, the
wider band gap of the two is associated with the Bragg con-
dition 4/2 ~ a, where A represents the wavelength in the pho-
tonic crystal. The localization of the two band gaps is
consistent with the PWE simulation results, however, the fre-
quency ranges are larger as they represent wave motion in
only the X direction. Also no band gaps regions were
observed in the TM transmission spectrum. Strong diffrac-
tion dips following the diffraction condition mentioned ear-
lier are noticeable at 660 nm and 840 nm, for arrays with
300 nm and 400 nm lattice constants, respectively.

To study the effects of the inverted conical shape on the
light propagation through the arrays, a 2D model was used
and the propagation of an 800 nm wave through it simulated.
The simulated wave propagation through the geometry with
and without the array of inverted NCs (with @ =300 nm) is
shown in Figures 1(f) and 1(g). A TM wave (with electric field
parallel to the plane and axes of the NCs) propagates straight
through the geometry when the NCs are not present. But in
the presence of the inverted nanocones, the wave is refracted
upwards demonstrating the enhanced reflection effect.

The fabrication of 2D arrays of Si inverted NCs was car-
ried out using e-beam lithography to make the dot array pattern
(r=50 nm, ¢ =300 and 400 nm) on the Si substrate. The pat-
tern was then sputtered with a metal mask (tungsten). The pro-
cess of deep reactive etching was performed for etching the
substrate. The array was then exposed to the following gases
for a second each, in a succession lasting for 5 min: C4Fg for
protective layering, O, for removing the C4Fg residues, and
SF; for etching. The final etched substrate is shown in the scan-
ning electron microscrograph (SEM) of Fig. 2. Well aligned
and periodically patterned Si pillars are seen. The steepness of
the cones was found to depend on the etching time.

The optical characterization of patterned arrays of Si NCs
was carried out using an Ocean Optics white-light source hav-
ing an optical spectrum from 450 nm to 1200 nm with a spec-
trometer. The polarization of the white-light beam was
selected before the beam was guided onto the sample at an
incidence angle of 80°. A series of microscope objectives
were used to collimate and then focus the light beam onto the
sample. To collect all the reflected light and to avoid any
losses due to large angled diffraction orders, a high numerical
aperture lens was placed very close to the sample. The
reflected beam was focused into a feed fiber of an Ocean
Optics 2000 spectrometer which had a spectral range extend-
ing from 500 nm to 1100 nm, with resolution 0.3 nm. The
reflection spectrum measurements, as shown in Figure 3, are
for the (X directed) unpolarized light and for light polarized
parallel (TE) and perpendicular (TM) to the Si NCs. For each
polarization of light, the reflection spectra were measured
from the bare Si substrates and the arrays of inverted Si NCs.
All the results were normalized with their respective reference
reflection spectra measured from a front coated mirror.

The measured results, shown in Figure 3, are in good
agreement with the simulations. The reflection spectra for
the unpolarised light show the exact regions where the
enhanced reflection effect was displayed by the NC arrays,

FIG. 2. SEM images of periodic arrays of inverted Si nanocones having ra-
dius of 50 nm and lattice constants (a) 300 nm and (b) 400 nm.
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with respect to bare Si. The NC arrays with ¢ =300 nm
displayed enhanced reflection extending from 630 nm to
1000 nm. Whereas, the arrays with @ =400 nm displayed the
major enhanced reflection regime extending from 850 nm to
1050 nm. The ranges show good agreement with the calcu-
lated band gaps and spectrum results.

The reflection measurements for the polarized light
clearly demonstrate that the square lattice NC arrays display
band gaps and consequently the enhanced reflection only for
the TE polarization of light. The arrays with 300 nm spacing
display an enhanced TE-mode reflection of the order 3 times
higher than Si, encompassing almost the entire optical re-
gime and both the band gaps predicted by the calculations.
The overlapping of band gaps is due to the different radii of
the cone interacting with the incident light.® The arrays with
400 nm spacing displayed a succession of enhanced TE
reflection bands, with major ones extending from 620 nm to
710 nm and from 805 nm to 1100 nm and beyond. Due the
spectral limitation of the light source and spectrometer used,
exact upper wavelength limits of the second band could not
be measured. The maximum enhanced reflection effect dis-
played by the 400 nm array was of the order 4 times higher
relative to bare Si in the IR region extending from 805 nm
onwards. This is of interest, here, as this paves way towards
utilization of such structures for enhancing IR reflection in
solar cells and other photovoltaic applications. The TM-
mode reflections results displayed no enhanced reflection
effect. Most important features in the TM reflection spectra
were the strong diffraction dips observed near 575 nm and
795 nm for the arrays with lattice constants 300 nm and 400
nm, respectively.

Wavelength (nm)

In conclusion, we have demonstrated three to four fold
enhanced reflection, relative to bare Si substrates, by utiliz-
ing the periodic arrays of inverted silicon nanocones. By
utilizing square lattice arrays which display band gaps only
for the TE light, we confirm that these inverted nanocone
arrays display enhanced reflection strictly in their photonic
band gaps. The enhanced reflection regions can be tailored in
the desired frequency regimes by engineering and optimizing
the array geometries. Arrays with 400 nm lattice constants
have shown enhanced reflection in the IR regime which
paves the way towards their utilization in PV devices to
increase IR reflection and minimize heating.
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