
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 9
:5

5:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Broadband solar
aSchool of Electrical & Computer Engineering

653, Beer-Sheva 8410501, Israel. E-mail: gls
bThe Ilse-Katz Institute for Nanoscale Scienc

the Negev, POB 653, Beer-Sheva 8410501, I

† Electronic supplementary informa
10.1039/c9na00711c

Cite this:Nanoscale Adv., 2020, 2, 1913

Received 11th November 2019
Accepted 29th March 2020

DOI: 10.1039/c9na00711c

rsc.li/nanoscale-advances

This journal is © The Royal Society o
absorption with silicon
metamaterials driven by strong proximity effects†

Ankit Chauhan a and Gil Shalev *ab

Absorption of the solar radiation over a wide spectral range is of utmost importance to applications related

to the harvesting of solar energy. We numerically demonstrate broadband solar absorption enhancement

employing a metamaterial in the form of arrays composed of subwavelength silicon truncated inverted

cones, henceforth referred to as light funnel (LF) arrays. We show that the broadband absorption

efficiency of an unoptimized LF array is 36% greater compared with an optically-maximized NP array. We

show that photon trapping in LF arrays is motivated by proximity effects related to the optical overlap

between LFs. We make the distinction between two types of optical overlap: weak overlap in which the

coupling between the sparse array modes and the impinging illumination increases with array

densification, and strong overlap where the array densification introduces new highly absorbing modes.

We show that in nanopillar (NP) arrays the optical intensity inside the NPs decreases upon densification

and the overall increase in absorptivity is due to increase in filling ratio (as was also shown by others),

while the densification of LF arrays increases the optical intensity inside the individual LF and with the

concurrent increase in filling ratio concludes light trapping much superior to that of NP arrays. Light

trapping governed by strong proximity effects was not reported to date, and we believe it is an important

paradigm for miniaturized lab-on-chip technologies.
Introduction

Harvesting solar photons is important to applications related to
solar energy conversion.1–4 The theoretical basis of light trap-
ping was historically developed in terms of geometrical optics
and utilized total internal reections between the absorber and
the environment;5 it was shown that by texturing the front and
back absorber surfaces the optical length inside the absorber
increases and generates the 4n2 upper limit, where n is the
absorber index of refraction, of the absorption enhancement
factor for a Lambertian cell (the Yablonovitch limit). Equiva-
lently, a randomly textured surface is as a system of innite
periodicity6,7 in which each impinging plane wave can couple to
at least one guided mode.8 Light trapping in the ‘wave optics’
regime has been the subject of a considerable amount of
experimental and theoretical works. It was numerically shown
that arrays of subwavelength design can add wave vectors to the
incident light by diffraction, for example, and in this manner
increase the absorber optical excitation.9–11 Absorption
enhancement of the solar light over a wide spectral range with
ordered or disordered gratings of subwavelength
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semiconducting features was shown experimentally and
numerically.4,12–30

Theoretically, Sheng et al. showed that beyond the 4n2

absorption improvement is possible over a given spectrum as
the presence of thick grating modies the overall density of
states of the grating-substrate complex.31 Yu et al. theoretically
described the excitation of wave guide modes in a Lambertian
thin slab with shallow grating on top and concluded that for an
efficient light trapping one needs to maximize the number of
available waveguide modes and minimize the number of
diffraction orders. They showed that 2D grating inherently
results in higher absorption enhancement compared with 1D
grating, and, more importantly, described broadband absorp-
tion enhancement of 12n2 with a 2D grating.8,32 Callahan et al.
argued for light trapping beyond the 4n2 limit if one is to
increase the optical states of the absorbing lm.33 Trapping of
photons and absorption in a wide spectral range in substrate-
less arrays have been the focus of extensive research, as well.
Kosten et al. developed a ray optics model and reproduced the
4n2 limit for theoretical substrate-less arrays of vertical micro-
wires.34 Sturmberg et al. delineated an absorption improvement
in free-oating nanopillar (NP) arrays and showed how
improvement is governed with adequate modal pairing with the
impinging illumination, medium power centering inside the
NPs and Fabry–Perot resonances.35 Lin and Povinelli examined
free-oating NP arrays with a relatively large periodicity and
demonstrated absorption improvement governed by the
Nanoscale Adv., 2020, 2, 1913–1920 | 1913
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excitation of guided modes coupled with eld concentration
within the NPs.36 Finally, Shalev et al. numerically showed that
the absorption in NP arrays is optimized with large-diameter
NPs with a repressed absorption cross-section.20

We recently introduced a new paradigm for absorption of
the solar light over a wide spectral range that is based on light-
funnel (LF) arrays, where a LF is a subwavelength cone (or
hyperboloid) reversed relative to the impinging wave front.37–42

The inherent LF continuum diameters entails a wide range of
resonanting wavelengths for a single mode.43 We numerically
showed that substrate-less LF arrays provide absorption
improvement of the solar spectrum in comparison with opti-
mized NP arrays. Also, we studied LF arrays on top of thin
lms, and showed that the grating-lm composites exhibit
high absorption at wavelengths >900 nm which is attributed to
either excitations of the LFs, excitations of the lms, or
concurrent excitations of arrays and the lms. We also
demonstrated photon capture at the 4n2 limit for the LF array-
lm composite.

Presently, we examine the transition from a sparse LF array
into a dense LF array. We also revisit this transition for NP
arrays which allows us to identify the difference between the two
systems and to pinpoint the origin of the unique mechanism of
light trapping in LF arrays.

Methods

The electromagnetic wave solver (Synopsys Inc.) is used for the
3D nite-difference time-domain (FDTD) computations. The
calculations (l ¼ 400–1100 nm in 20 nm intervals) are per-
formed for an innite square array in which a unit cell is
considered with a periodic boundary conditions in the x–y
directions. Complementary perfectly matched layers boundary
condition is considered for the z-dimension. The spatially-
resolved power (time-averaged Poynting vector (SAV)) and the
absorbed photon density (APD) are spectrally extracted. The
absorbed, reected and transmitted photons are calculated for
each wavelength using detectors surrounding the unit cell.
According, the reectivity, and transmissivity are extracted. In
order to ensure the precision of the FDTD calculations, the
mesh size is smaller than 0.1 of the wavelengths in the mate-
rials. The weighted absorption efficiency (habs) is the weighted
average of the absorptivity and the solar radiation (AM 1.5G),
and the weighted Qabs is extracted similarly. The material
properties are adopted from ref. 44.

Results and discussion

Fig. 1a presents a substrate-less free-oating LF array. Fig. 1b
provides the dependency of a LF array absorptivity on the array
periodicity (P), and the 4n2 limit is presented as well. The LF
array is composed of LFs with a bottom diameter (Db) of 50 nm,
a top diameter (Dt) of 400 nm, and height (H) of 1 mm; it was
previously shown that such LFs provide optimal broadband
absorption of the solar radiation.37–39 In order to unravel the
transition from isolated LFs in to a LF array, we will follow the
strong absorption peaks marked and numbered in Fig. 1b. For P
1914 | Nanoscale Adv., 2020, 2, 1913–1920
¼ 5 mm the elds of the LFs weakly overlap and we approximate
adjacent LFs to be optically isolated from each other. Three
absorption peaks are evident for P ¼ 5 mm (peak 1 ¼ 460 nm,
peak 3 ¼ 540 nm and peak 4 ¼ 660 nm) which reect the
excitation of localized leaky Miemodes characteristic of isolated
LFs;43 these three peaks are also present for the smaller periods.
For P ¼ 3 mm there is an additional absorption peak (peak 6 ¼
740 nm) that persists also for smaller periods, and which
reects the excitation of a new mode associated with the optical
overlap of adjacent LFs; this excitation marks the transition
from light trapping governed by the excitation of isolated Mie
modes into light trapping governed by excitations of Bloch-like
modes. P ¼ 2 mm and P ¼ 1 mm each introduce an additional
peak that persists for smaller P (peak 7 ¼ 820 nm and peak 2 ¼
500 nm, respectively), and peak 5 (700 nm) and peak 8 (980 nm)
emerge at P ¼ 0.5 mm.

In order to follow the progression of peak formation with
period we next examine the respective absorption efficiency
factor (Qabs) spectra which inherently excludes the contribution
of the lling ratio (i.e. volume of a single LF divided by the
volume of a unit cell) to the absorptivity. Qabs denes the
potential of a subwavelength feature to self-concentrate light
and is considered as Qabs ¼ Cabs/(p/4Dt

2), where Cabs is the
absorption cross-section and Dt is the particle projected top
diameter.45 Fig. 1c presents the dependency of the Qabs spectra
on P for a single LF. The locations of peaks 1–8 are marked as
well. First, note that Qabs peaks 1, 3, 4 do not change much
between P ¼ 5 mm and P ¼ 3 mm which conrms the initial
assumption that for P ¼ 5 mm the LFs are, to a good approxi-
mation, electromagnetically isolated for the respective wave-
lengths. Next, it is apparent that a smaller period implies
a higher Qabs as the strongest peaks are for P¼ 0.5 mm and 1 mm
except for peak 6 which is highest for P ¼ 2 mm. This suggests
that light trapping in LF arrays is strongly modulated by the
optical overlap of adjacent LFs, and that the strong absorptivity
peaks in Fig. 1b are not solely a density effect but also due to
strong light connement in the individual LFs. Hence, the
increased LF density not only affects the lling ratio but rather
introduces slow Bloch-like modes in which the intensity is
locally concentrated in the individual LFs.35

Fig. 2 presents the optical intensity distribution for the
selected absorption peaks 1, 4 and 5 presented in Fig. 1b, c, and
absorption peaks 2, 3, 6, 7, 8 are provided in the ESI.† Intensity x
and y cuts for peak 1 are shown for P¼ 1 (maximum Qabs) mm in
which the vertical location of the strongest excitation is marked.
The z-cuts show the progression of the strongest excitation for
all considered periods. Note that for P ¼ 2, 3, 5 the excitation
does not change, which agrees with Fig. 1c. Higher optical
coupling between the excitation and the impinging illumina-
tion, i.e. higher excitation amplitude due to higher leakage rate
between the impinging illumination and excitation, is apparent
for P ¼ 1 mm and a decrease in coupling is recorded for P ¼ 0.5
mm, which agrees with Fig. 1c where peak 1 Qabs is maximized
for P ¼ 1 mm. Similar behavior is also recorded for peaks 2, 6, 7
(see ESI†) in which the dependency of the absorption peaks on
the period exhibits a maxima behavior (peak 2 exhibits two
strong excitations). Hence, upon coalescence of isolated LFs
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) An illustration of substrate-less free-floating LF array. (b) The variation of the LF array absorptivity with array period. (c) The dependency
of Qabs, of an individual LF nested inside the respective array, on array periodicity.
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into an array, the optical coupling with the impinging illumi-
nation increases to a maximum aer which a decrease is
recorded. Peaks 3, 4 (see ESI† for peak 3) also present a similar
behavior only these are maximized for the smallest period.
Peaks 5 and 8 (see ESI† for peak 8) reveal a different behavior.
Four strong excitations are evident in peak 5 where three are
located at the upper part of the LF and an additional one is
located at the LF bottom. Remarkably, the three top excitations
reect the excitation of new modes in contrast with the bottom
excitation which reects stronger coupling between the
impinging illumination and the isolated excitation. Hence,
a distinction needs to be made between two types of optical
overlap between LFs; the rst type is the weak overlap that
reects coupling enhancement between the impinging illumi-
nation and the excitation, and the second type is the strong
overlap which entails the introduction of a new excitation. To
conclude, the strong absorptivity for peaks 5 and 8 agrees with
the respective high Qabs values which reect the excitation of
several modes that are the result of the strong overlap regime.
Finally, note that for peaks 5 and 8 strong overlap is only
apparent at the top of the LF where the proximity effect is
greater than at the LF bottom.
This journal is © The Royal Society of Chemistry 2020
Next, in order to better understand the signicance of weak
and strong eld overlap in LF arrays, we compare the period
dependency of LF arrays with that of optimized NP arrays, that
is NP diameter of 400 nm and H ¼ 1 mm. Fig. 3a and b present
the absorptivity for periods of 0.5 mm to 1 mm (0.1 mm interval)
for NP and LF arrays, respectively, in which the LF array
geometry is identical to the one used in Fig. 1. The NP arrays in
Fig. 3a present three absorption peaks at 480 nm, 580 nm and
a weaker one at 820 nm which are period-independent except
for P¼ 0.5 mm in which the absorption peaks are blue shied as
described previously.12,46 The dependency of the LF arrays
absorptivity spectra in Fig. 3b is starkly different and more
complex; the LF array of P¼ 1 mmpresents multiple peaks some
of which are apparent also for the smaller periods while others
vanish. Fig. 3c presents the variation of the weighted absorp-
tivity, that is the absorptivity averaged with the AM1.5G radia-
tion, with the array period of NP and LF arrays (P ¼ 2, 3, 4, 5 mm
are shown as well). It is apparent that for sparse arrays the
broadband absorption of the NP array is slightly greater
whereas for denser arrays the LF array absorption over a wide
spectral range is substantially improved. In sparse arrays,
pairing of the incoming light into localized radial modes is
Nanoscale Adv., 2020, 2, 1913–1920 | 1915
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Fig. 2 Intensity distributions for the strong Qabs peaks marked in Fig. 1c. On the left side the x and y intensity cross-sections for the period of
maximum Qabs in which the vertical location of the strongest excitation is marked. Intensity cross-sections along the z-axis of the strongest
excitation for the different periodicities are shown on the right.
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more efficient in NP arrays, whereas in dense LF arrays the
impinging illumination couples more efficiently into slow
Bloch-like photonic modes.35,43 Finally, as shown in Fig. 3c, the
1916 | Nanoscale Adv., 2020, 2, 1913–1920
densication process produces maximum absorption at P ¼ 0.5
mm for both arrays, in which the LF array exhibits weighted
absorptivity that is 36% greater than that of the optically-
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Absorptivity spectra of NP arrays for different periods. (b) Absorptivity spectra of LF arrays for different periods. (c) The dependency of
the weighted absorptivity on period for NP arrays and LF arrays. (d) The dependency of the weighted Qabs on period for NP arrays and LF arrays.
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optimized NP array. Fig. 3d shows the weighted Qabs (hQabsi)
where for high P values the NP hQabsi is higher which is
consistent with the observation that in sparse arrays the
impinging illumination interacts more efficiently with the NP
localized Mie modes. On the other hand, the LF hQabsi is higher
for dense arrays which supports the assumption of efficient
coupling of the impinging illumination with slow Bloch modes
in which the intensity is localized in the LFs. Also interesting is
the maxima behavior of the LF array hQabsi which increases for
decreasing P till P ¼ 0.7 mm and suggests intensity increase in
the individual LF, whereas for smaller P the intensity in the LFs
decreases similarly to NP arrays. However, the linear increase in
LF array absorptivity for P ¼ 0.5–1 mm suggests that the
absorptivity enhancement of LF array for P ¼ 0.5 mm is a result
of both efficient coupling into slow Bloch modes and a higher
lling ratio.

Fig. 4a and b present the Qabs spectra for NP arrays and LF
arrays presented in Fig. 3a and b, respectively. The NP arrays
exhibit three strong Qabs peaks (marked in Fig. 4a) that corre-
sponds with the NP absorptivity peaks (Fig. 3a). Also, the Qabs

peaks are higher for the sparser arrays; this implies that the
This journal is © The Royal Society of Chemistry 2020
coalescence of a sparse array into a dense array entails
a decrease in the absorption cross-section of the individual NPs
and therefore the absorptivity increase is due to the higher
lling ratio, as reported previously by others.35 Specically, note
that the array of highest lling ratio (P ¼ 0.5 mm) exhibits the
highest absorptivity albeit the lowest Qabs spectrum and the
almost complete vanishing of the three characteristic Qabs

peaks. In other words, in order to maximize the absorptivity of
a NP array, the absorption cross-section of the individual NPs
has to decrease.20 The behavior is very different for LF arrays:
the strong Qabs peaks do not necessarily correspond with the
absorptivity peaks of the sparser array (Fig. 3b). On the contrary,
note, for example, the three P ¼ 0.5 mm Qabs high peaks at l ¼
660 nm, 700 nm and 980 nm (these Qabs peaks are marked in
Fig. 4b) with Qabs values of 1.17, 1.75 and 0.17, respectively,
which are much higher than the P ¼ 1 mm array Qabs values of
0.71, 0.41 and 0.01, respectively. Moreover, the absorptivity at
these wavelengths (l ¼ 660 nm, 700 nm and 980 nm) is
considerably higher for the P ¼ 0.5 mm with 0.6, 0.88 and 0.09
compared with P ¼ 1 mm absorptivity of 0.09, 0.05 and 0.001,
respectively. Clearly, unlike the coalescence of NP arrays in
Nanoscale Adv., 2020, 2, 1913–1920 | 1917
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Fig. 4 (a) The dependency of NP arrayQabs spectra on periodicity. (b) The dependency of LF arrayQabs spectra on periodicity. (c) Intensity x-cut
of NP arrays for a period range of 0.5–1 mmand for wavelengths of 480 nm and 580 nm. d. Intensity x-cut of LF arrays for a period range of 0.5–1
mm and for wavelengths of 700 nm and 980 nm.
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which the increased absorptivity is entirely due the higher
lling ratio, the coalescence of LF arrays generates higher
absorptivity that is a result of higher lling ratio coupled with
higher absorption cross-section of the individual LFs. This
suggests that light trapping in LF arrays is driven by weak and/
or strong eld overlap. Fig. 4c and d present intensity x-cut (see
ESI† for intensity y-cut) of NPs for l ¼ 480 nm and 580 nm and
LFs for l ¼ 700 nm and 980 nm for the different periodicities,
respectively. Again, the nature of light trapping in NP arrays is
1918 | Nanoscale Adv., 2020, 2, 1913–1920
entirely different from light trapping in LF arrays; evidently, NPs
are more strongly excited when isolated (consistent with the
discussion above), whereas for LFs the excitation increases with
decreasing periodicity. In other words, the origin of the
absorption peaks in dense NP array is strong excitations of
isolated NPs, that are somewhat decreased upon increase in
array density coupled with a high lling ratio; hence, unlike LF
arrays, eld overlap in NP arrays is detrimental to the absorp-
tivity and therefore no weak or strong overlap is observed. On
This journal is © The Royal Society of Chemistry 2020
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the other hand, in LF arrays the absorption peaks are due to
weak or strong optical overlap coupled with higher lling ratio.
Conclusions

LF arrays are a promising approach toward the efficient har-
vesting of the solar spectrum as well as interesting and
insightful system for the investigation of coupling light into
matter. In the current work we identied the underlying
mechanism for light trapping in LF arrays, and we demon-
strated how this mechanism is different from light trapping in
optimized NP arrays. We believe the underlying mechanism of
light trapping in LF arrays could also be utilized to provide
design rules for the development of other light trapping
schemes.
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