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An ultra-broadband perfect absorber has a wide range of applications which include solar energy
harvesting, imaging, photodetection etc. In this regard, InAs nanowire (NW) based structure is
investigated in this work for achieving an ultra broadband perfect absorber. Finite difference time domain
(FDTD) based numerical analysis has been performed to optimize the InAs nanowire based structure to
obtain an efficient light absorber by varying different dimensional parameters. Mie theory and guided
mode resonance based theoretical analysis is developed to validate the results and to get an insight into
the tunability of the nanowire based structure. Moreover, the theoretical analysis elucidates the
underlying physics of light absorption in nanowires. To achieve ultra broadband absorption, multi radii
InAs nanowire based arrays are investigated and it is found that they exhibit superior performance
compared to single radius NW based structures. The computed light absorption efficiency (LAE) and
short circuit current density values are enhanced to 97% and 40.15 mA cm™2 at 10° angle of incidence
for the optimized quad radii NW array within the wavelength range of 300 nm to 1000 nm and 300 nm
to 1200 nm, respectively. Moreover, the absorption spectra for these structures are polarization
independent and exhibit robust performance for varying angle of incidence. In addition, arrangement of
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Accepted 5th November 2021 the NW array (hexagonal or square) has negligible effect on the absorption spectra. Such ultra-
broadband absorption capability of the proposed structure compared to existing works suggests that the
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InAs nanowire based structure is very promising as light absorber with prospects in the fields of photo

rsc.li/rsc-advances detection, solar power generation, perfect cloaking, photochemistry and other thin film photonic devices.

materials are widely used and fabrication technology is well
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1 Introduction

Ultra broadband perfect light absorbers has been a research
attraction in recent times because of its vast field of application
like solar cells," imaging,> photo detection,® shielding,*
sensing,® optical data storage etc.® Narrow band absorption is
primarily required for sensing whereas wideband absorption is
needed for energy harvesting” applications. To obtain ultra
broadband near perfect absorbers researchers have employed
a number of novel structures and materials including meta-
materials, nanowires'* and nanopillars.”> Different novel
nano-photonic structures, such as three-dimensional photonic
crystals,”® triangular and pyramid gratings," nanocones,*
nanowires,'®"” plasmonic nanostructures,®**' nanoholes****
etc. have already been theoretically proposed and experimen-
tally demonstrated for light-trapping in solar cells and photo-
diodes.”® Most of these works are based on Si or GaAs as these
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established. The main goal of all the novel structures is to
achieve improved absorption efficiency and in this regard
nanowires (NWs) can be a promising candidate. Till date no
work has been reported on ultra broadband perfect absorber
employing solely semiconductor nanowires (NWs). Nanowires
are anisotropic structures with base dimensions of the order of
nanometers and longitudinal dimensions of the order of few
microns and this shape enables the absorption of light in
a more efficient manner compared to an equivalent volume of
planar material.>® While nanowires of any semiconducting
material are extremely efficient for optoelectronic applications,
III-V compound semiconductors are especially promising for
photonic devices because of their direct band gaps.**** III-V
nanowire (NW) arrays have been extensively used in a variety of
configurations like core-shell,* core-multi shell,> inclined NW
array” for photo detection® and photovoltaics*~° for their
phenomenal field confinement.

In this work, we focus on InAs nanowire array based highly
efficient absorber as it has large absorption coefficient in
comparison to other semiconducting materials like silicon,
GaAs or InP** and yet to be explored extensively for ultra
broadband absorber applications. In addition, optical
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absorption wavelength range for InAs is large due to its lower
bandgap. Researchers have worked on GaAs,**** silicon,**** and
Inp>*2%394% NW based solar absorbers but the work on ultra
broadband light absorption using InAs NWs is very few. Wu
et al.*® investigated the dependence of optical response on the
InAs NW geometry and Rahman et al.** reported wavelength
selective absorption in InAs NWs. Kupec et al. worked on InP/
InAs NW based solar cells and analyzed the absorption char-
acteristics of NW arrays of various diameters.* Though InAs
nanowire fabrication is still challenging, wafer scale production
of InAs nanowire has been reported.*” In the present study, we
have proposed InAs nanowire (NW) based structure for ultra
broadband absorption of light and analyzed the absorption
characteristics using guided mode resonance and Mie theory
based theoretical framework and finite difference time domain
(FDTD) based numerical technique. Absorption characteristics
of the NW based structure for both square and hexagonal unit
cell can be tuned by varying the radius and filling ratio of the
NWs and thus an optimized structure is found. To achieve ultra
broadband absorption of light multi radii InAs NW based
structure is proposed and is found to be the most efficient as it
exhibits high short circuit current density and perfect light
absorption for a broad range of wavelength which covers
significant portion of the solar spectrum. Polarization and angle
sensitivity of the optimized structure is also investigated and
the results signify the potential of the proposed structure as the
absorber layer of thin-film photonic devices and such absorp-
tion characteristics can have profound impact in the field of
photochemistry*®* and photoelectrochemistry* as well. The
analysis and discussions would also give an intuitive perception
behind the ultra broadband absorption characteristics of the
optimized structure.

36-38

2 Simulation framework and sparse
single radius NW array

The proposed structure consists of vertically aligned InAs
nanowire (NW) array placed on the SiO, substrate. Heights of
the NWs and substrate are kept constant at 2 um and 5 um,
respectively throughout the study. Light absorption efficiency of
the proposed structures are analyzed by solving Maxwell's
equations using three dimensional finite difference time
domain (FDTD) based numerical analysis technique.*® The
schematic of the proposed structure is shown in Fig. 1(a). Two
different combinations of the NW arrays are analyzed where the
NWs are arranged in square and hexagonal manner. Square and
hexagonal unit cell with the black rectangles show the simula-
tion boundary of the unit cells in the xy plane (inset of Fig. 1(a)).
Radius (7) and height (k) of the NWs as well as period (p) of the
unit cells are also shown as insets in Fig. 1(a). Periodic boundary
conditions are used in the x and y direction and perfectly
matched layer (PML) boundary conditions are used in the z
direction. To consider the frequency dependent extinction
coefficient of InAs and SiO,, experimentally reported extinction
coefficient (k) and refractive index (n) values are used.** Plane
wave source within the wavelength range 300-1200 nm is used
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to illuminate the structure with TM like HE polarization and the
direction of propagation is along the negative z direction as
shown with an orange arrow in Fig. 1(a). Solar spectrum®* has
the highest intensity in this wavelength range and ultra
broadband perfect absorption of light within this range is
desired for thin film photonic devices applications. Fitted n and
k values of the InAs within this wavelength range is plotted in
Fig. 1(d). Absorption of light in the NW array is calculated using
the relation A = 1 — R — T, where R is the reflection from the NW
array and T is the transmission through the structure.

To investigate the effect of nanowire radius on the absorp-
tion of light, absorption spectra of InAs NWs having radius from
50 nm to 125 nm are analyzed and plotted in Fig. 1(b). NWs are
arranged in square unit cell and period of the unit cell is kept
constant at 1200 nm. Here the volumetric filling ratio (FR) of the
NWs vary from 0.55% to 3.4%. As the volumetric filling ratio
(FR) of the nanowire is very small and the inter-NW spacing is
large, the NWs can be considered sparsely arranged. Here filling
ratio (FR) is defined as

T X 12

FR= =5

(1)

From Fig. 1(b), it can be seen that up to 500 nm wavelength
absorption is almost same in NWs of different radii. However,
in longer wavelength range, the effect of radius on the absorp-
tion is more conspicuous as the resonant absorption wave-
length increases with increase in the NW radius. In lower
wavelength range, intrinsic absorption property of the InAs
contributes the absorption of light whereas in higher wave-
length light trapping is caused by the resonant mode of the
NWs.

Mie theory based theoretical analysis corroborates the
absorption spectra of the sparse InAs NWs. According to the Mie
theory, analytical expression of absorption efficiency Q.ps is
given aS43,52,53

2 = 2 2 - 2
Qabs ™ = IWRf?(bo-FQ;bm) " o {(bo +2;|bm‘ )}
(2)

Here b; are the Mie scattering coefficients for a plane wave
incident on the infinite nanowires given by

Jm (ﬁk()}").]’,”(kor) — ﬁ.]m (kor)J,'n (ﬁko}")
Jm (ﬁk()V)H;n(k()V) — ﬁ'];n (ﬁkor)Hm (k()r)

by = (3)
where r is the radius of the NW and k, is the wave vector along
the NW axis inside the NW, J,,, and H,,, are mth order Bessel and
Hankel functions of the first kind respectively. 7n = n + ik is the
complex refractive index of the NW. For varying radii of the NWs
calculated Q,ps from Mie theory is plotted in Fig. 1(c) and it
correlates well with the simulated absorption spectra shown in
Fig. 1(b).

Light trapping in higher wavelengths can be further
explained by guided mode resonance in the NWs. A semi-
conductor NW can be considered as cylindrical resonator where
the light is trapped by multiple total internal reflections from
the edge of the NWs. These resonant modes are guided modes

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the designed InAs NW array based absorber structure (the orange arrow indicates the direction of the incident light); top

view of square unit cell and hexagonal unit cell are shown as insets on the top and bottom respectively; (b) absorption spectra for sparse InAs
NWs of varying radius with a period of 1200 nm for HE illumination; (c) calculated Qs values from Mie theory based theoretical framework for
InAs NWs of varying radii; (d) refractive index (n) and extinction coefficient (k) values of InAs used in this study; (e)—(f) mode profiles of the 100 nm,

75 nm and 50 nm radius NW for the respective HE;; resonant modes.

where the NWs can be considered as the wave guides and can be
described from the classical wave guide theory by solving
Maxwell's equations with appropriate boundary conditions.”
Guided modes are essentially morphology-dependent reso-
nances® arising from the finite NW size and the large refractive
index contrast of the NW with respect to its surroundings. It
should thus be expected that any high-index semiconductor
used in light trapping applications could benefit from these
types of resonances. Guided modes are characterized by their
azimuthal mode number (m) and radial mode number (1) and
for normal incidence only hybrid TM-like HE,;, modes are
effectively excited in the NW due to the symmetry of the incident
light.**** Assuming that the real part of the propagation
constant of the mode along NW axial direction approaches zero,
the resonant wavelength can be approximated by****>¢

ﬁZ Jr/n(Kr) _ 2 H)/n(’Yr)
ko (k) 0 vH,,(yr)

Here vy and « are transverse wave vectors inside the NW having
refractive index # and in air (1, = 1) respectively. Using eqn (4)
fundamental HE,; resonant modes can be calculated and the
absorption property can be tuned by varying the radius of the
NW. For InAs NWs, the calculated HE;, resonant wavelengths
using eqn (4) are shown in Table 1 and it is found that these
values match well with the simulated simulated peak absorp-
tion wavelengths. The trend also matches with the theoretical
results obtained from Mie theory. From Fig. 1(b) it is found that

=0 (4)

© 2021 The Author(s). Published by the Royal Society of Chemistry

InAs NWs having radius 50 nm, 75 nm and 100 nm exhibits
highest absorption in these HE;; resonant modes. Poor
absorption for NW with 125 nm radius can be explained from
the guided mode theory as the calculated HE;; resonant mode
for 125 nm radius NW is outside the simulated wavelength
range. The mode profiles at A = 1051 nm, 869 nm and 621 nm
for NWs having radii 100 nm, 75 nm and 50 nm respectively
shown in Fig. 1(e)-(g) support the existence of HE,; resonant
modes. It is noteworthy that Mie theory and guided mode
resonance based eqn (4) is derived for infinitely long NWs
having large lattice periods where modes of a single nanowire is
unperturbed. This can explain the slight mismatch between the
calculated and observed values in Table 1.

When the nanowires are more closely packed with smaller
periods, the resonant modes of one NW gets coupled to the
neighbouring NWs as a result we can observe a high absorption
throughout the complete wavelength range which is discussed
in the following sections.

3 Single radius InAs nanowire arrays

From the analysis of sparse NW arrays it has been found that
absorption of light below band gap energy is governed by the
presence of guided resonant modes in NWs. To investigate the
same for closely spaced nanowire arrays, squarely arranged InAs
NWs having 100 nm radius are simulated for filling ratios of 0.1,
0.2 and 0.3. From the simulated absorption spectra shown in

RSC Adv, 2021, 11, 37595-37603 | 37597
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Table 1 Comparison of calculated and simulated resonant wavelengths for sparse InAs NWs
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Calculated Calculated

A (nm) A (nm)
Radius (r) m n From eqn (4) Mie theory Numerical simulation A (nm)
125 nm 1 1 1276 1190 Outside simulated spectral range
100 nm 1 1 1002 955 1051
75 nm 1 1 868 760 869
50 nm 1 1 601 567 621

Fig. 2(a) it is observed that broadband absorption of light occurs
and absorption increases significantly compared to sparse NW
arrays. As the NW spacing decreases the modes of the NWs are
perturbed by the neighboring NWs and broadband light
absorption is achieved. Mode profile for HE;; mode of 100 nm
InAs NW with FR 0.2 at A = 986 nm is shown in Fig. 2(a) (inset)
which supports the presence of guided mode resonance. It is
evident that as the nanowire spacing is decreased, a blue shift in
HE,; resonant mode has occurred as the resonant mode has
shifted from 1051 (Fig. 1(e)) nm to 986 nm (Fig. 2(a) inset). The
blue shift occurs due to the coupling of the near field evanes-
cent waves with neighboring NWs as the spacing decreases. The
stronger coupling of the evanescent fields increases the peak
absorption as well enabling broadband absorption of light.** At

the same time, the amount of absorbing InAs material in these
cases is significantly higher compared to sparse NW arrays.
However, as the filling ratio increases over 0.2, absorption
decreases due to the increased reflection from the NWs which
can be corroborated from the Fresnel's reflection formula by
calculating the effective refractive index of the NW layer using
effective medium theory.>” Similar analysis is performed for
hexagonally arranged InAs NW arrays having 100 nm radius
with different filling ratios of 0.1, 0.2 and 0.3 and results are
shown in Fig. 2(b). The FR of hexagonal unit cell is calculated
using the relation

2 X T X r?

V3p?

FR = (5)

a.1.0 b.10¢

0.8 0.8
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Fig.2 Absorption spectra of (a) square and (b) hexagonal unit cell InAs NW arrays for varying fill factor by keeping the radius of the NW constant

at 100 nm, inset of (a) shows the mode profile for A = 986 nm of square

unit cell with filling ratio 0.2, inset of (b) shows the mode profiles of A =

986 nm for filling ratio 0.2 for hexagonal unit cell; absorption spectra of (c) square and (d) hexagonal unit cell InAs NW arrays for varying radius of

the NW by keeping the FR constant at 0.2; polarization and orientation
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of the incident light is also shown as inset in (c).
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It is evident that arrangements of NW arrays have negligible
effect on the absorption as the results for hexagonal unit cell
closely matches with the results of square unit cell. This result is
expected as the guided mode resonance is independent of the
nature of the unit cell of the NWs. The mode profile at A =
986 nm for hexagonal unit cell of 100 nm radius InAs NW with
0.2 FR shown in Fig. 2(b) (inset) corroborates this claim.

Next to find out the effect of the radius of the NW on the
absorption profile for closely packed NWs, radii of the InAs NWs
were varied keeping the FR constant at 0.2 for both square and
hexagonal unit cell and the results are shown in Fig. 2(c) and (d)
respectively. The results for both square and hexagonal unit cell
match closely as expected and they correlate with the results
found in Fig. 1(c). The absorption wavelength range increases as
the radius of the NW increases and cut off wavelength of the
absorption range depends on the HE;; resonant mode which
increases with radius as shown in Table 1. Though the
absorption wavelength range for squarely arranged 125 nm NW
array is higher but overall absorption within the 300 nm to
1200 nm wavelength range is higher for 100 nm NW array. From
the above analysis it is found that 100 nm radius NW array with
0.2 FRis the optimized structure for single radius InAs NW array
that enables broadband light absorption.

We calculated the short circuit current density values from
the absorption spectra of both the unit cells for various NW
radii and filling ratios. The short circuit current density is
calculated using the following formula

Je=q j ADIN()d2 (6)

A
where A(A)is the absorption data, N(1) is the number of photons
per unit area per unit second from the standard solar AM 1.5D
spectrum,® A; = 300 nm and 4, = 1200 nm. Calculated current
density values for square and hexagonal unit cell of InAs NW are
shown in Fig. 3(a) and (d) respectively. The plot shows that the
maximum current density is found for a radius of 100 nm and
filling ratio of 0.2. The computed maximum current density for
square unit cell and hexagonal unit cell is 37.39 mA cm ™ and
37.36 mA cm ™ respectively. Current density values for 125 nm
radius NW with 0.2 filling ratio are calculated as well and found

a.
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36
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to be 37.21 mA cm 2 and 37.32 mA cm > for square and
hexagonal unit cells, respectively. These values confirm that
InAs NW array with 100 nm radius and 0.2 filling ratio is the
optimized light absorbing structure for single radius case. Since
both the unit cells give almost similar results and it is easier to
fabricate and computationally less expensive to simulate square
unit cell so we have considered square unit cell for further
study.

4 Multiple radii nanowire arrays

Broadband absorption spectra and the high short circuit
current density have been achieved by optimizing the single
radius InAs NW array structure. However, the absorption
spectra can be further optimized to make it ultra broadband
perfect absorber by employing multi radii InAs NW array. In
Fig. 1(c) it is shown that resonant absorption modes of the NWs
depend on the radii of the NWs and by tuning the radii of the
NWs, absorption within the desired wavelength range can be
achieved. This observation has inspired the investigation of
multi radii NW array as nanowires with different radii will
confine light of different wavelengths enabling ultra broadband
absorption of light.

Multiple radii NW arrays are investigated in two different
configurations. In Fig. 4(a) (inset) we see the top view of the unit
cell of the structure with double radii NWs where the diagonal
NWs have the same radii which are shown as r; and r,. To
analyze the effect of FR on the absorption for double radii
structure unit cells with 100 nm and 75 nm, radii nanowires are
simulated with FR of 0.2 and 0.3. The FR for double radii NW
structure is calculated using the following relation

21 x (12 +12?)

FR = =

(7)

Fig. 4(a) shows that the structure having 0.2 FR gives slightly
better result than the structure having FR 0.3 and the absorp-
tion is higher than the optimized single radius NW structure.
Next for a filling ratio of 0.2, we have computed the absorption
spectra of the structure for three different combinations of the

b. 37.36 mA/cm?
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36
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< 343
Z £
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£ 2
570 30 8
@ =
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© >
4 o
26
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Fig. 3 False color plot of calculated short circuit current density for different combinations of radius and filling ratio of NW for (a) square unit cell

and (b) hexagonal unit cell of INAs NW structure.
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Fig.4 (a) Absorption spectra of double radii NW structure for FR of 0.2 and 0.3 for TM illumination, inset showing the top view of the unit cell; (b)
absorption spectra of double radii NW structure for various combinations of the NWs; (c) absorption spectra of quad radii NW structure for FR of
0.2 for both TM and TE polarized light, inset shows the top view of the unit cell; (d) calculated LAE values from the absorption spectra of quad radii
NW structure for varying angle of incidence for both TM and TE polarized light; (e)-(h) mode profiles at different wavelengths for the quad radii

INAs NW unit cell for TM polarization.

radii- 75 nm and 50 nm, 100 nm and 75 nm, and 100 nm and
50 nm. The results are plotted in Fig. 4(b) and the effect of
radius of the NW is clearly distinguishable as the 75 nm and
50 nm double radii structure has low absorption bandwidth

than the other counterparts. The highest absorbing double radii
NW structure is found for the combination of 100 nm and
75 nm radius with FR of 0.2. From the results and analysis, it is
evident that radius of the NW governs the absorption

Table 2 Comparison of calculated short circuit current density, light absorption efficiency and enhancement factors for different configurations

of InAs based nanowire structures

Jsc (mA ecm™?) LAE (%) LAE (%) EF
300-1200 300-1000 300-1200

Structure 300-1200 nm nm nm nm
Bare 400 nm thick InAs 23.78 56.55 60.72 1

100 nm rad 0.2 FR (square) 37.39 88.89 94.74 1.57
100 nm rad 0.2 FR (hexagonal) 37.36 88.82 94.69 1.57
100 nm and 75 nm double rad 0.2 FR 37.73 89.7 96.31 1.59
Quad radii 0.2 FR 39.08 92.9 95.78 1.64
Quad radii 0.2 FR with 10° AOI 40.15 95.46 97.0 1.69
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Table3 Comparison of calculated short circuit current density of InAs
nanowire based structure with existing semiconductor nanowire
based structures

Wavelength range

Structure type (nm) Jsc (MAecm™)  Ref.

Si NW 300-900 14.5 52
Inclined Si NW 310-1127 32.39 58

InP NW 300-1000 33.13 43

GaAs NW 300-1000 29.88 17

GaAs NW 400-1100 30 59

GaAs conical NW  400-860 28 60

InAs NW 300-1200 40.15 This work

wavelength range while the FR determines the amount of light
absorbed.

Next quad radii InAs NW array with four different radii NWs
is simulated to achieve ultra broadband application. The unit
cell for this structure is shown as in inset of Fig. 4(c). Here InAs
nanowires of four different radii 50 nm, 75 nm, 100 nm and
125 nm are utilized and the calculated guided resonant modes
lie within the wavelength range of 621 nm to 1250 nm. As four
different radii NWs have resonant modes in different wave-
lengths so it would enable ultra broadband absorption of light.
Like single and double radii nanowire structure, the absorption
spectra for this structure is calculated for filling ratio of 0.2. The
FR for quad radii NW structure is calculated by modifying eqn
(6)

X (12 + 12 + 132 +14?)

P2
The result is plotted for both TM and TE polarized light for
normal incidence in Fig. 4(c) and from this graph it is evident
that quad radii NW structure absorbs light of even higher
wavelength as expected and it shows enhanced light absorption
efficiency for both TM and TE polarized light. Moreover, in
order to investigate the angle of incidence (AOI) dependency of
ultra broadband absorption of the quad radii nanowire struc-
ture, the angle of incidence is varied for both TM and TE
polarization. The angle of incidence, 6, is defined as the varia-
tion from the normal incidence as shown in the inset of
Fig. 4(d). The light absorption efficiency (LAE) is calculated
from the absorption data of different angle of incidence using
the following formula

FR = (8)

2 AN (2)dA

LAE = “ (9)
2 N(2)da

Light absorption efficiency tells us how much of the incident
light is being absorbed by the structure and here A(%) is the
absorption data, N(4) is the number of photons per unit area per
unit second from the standard solar AM 1.5 spectrum.’* The
LAE for 300 nm to 1200 nm wavelength range for different angle
of incidence for both TM and TE polarization are shown in
Fig. 4(d) and it is found that absorption actually increases for
10° angle of incidence and decreases again for further increase

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in angle of incidence. The LAE for 10° angle of incidence is very
high and calculated to be 95.46%. Moreover, the structure is
found to be polarization independent and thus enhances its
credential for photovoltaic applications. Alternatively, we can
suggest that a structure with quad radii NWs grown with an
inclination of 10° will absorb light more efficiently for normal
incidence. The broadband absorption of light in quad radii NW
array can be explained from the mode profiles shown in
Fig. 4(e-h). It is evident from these mode profiles that light with
lower wavelengths gets coupled with NWs of smaller radii. This
is in correlation with the results from the analysis of guided
resonant modes and Mie theory based theoretical framework.
In quad radii NW array, by employing NWs of varying radii light
with different wavelengths can be trapped within the array, thus
enabling the ultra broadband perfect absorption of light.

To compare different InAs NW based structures discussed
above three different figure of merits are used-short circuit
current density (Jsc), light absorption efficiency (LAE) and
enhancement factor (EF). LAE for different structures were
calculated for two different wavelength ranges - 300 nm to
1200 nm and 300 nm to 1000 nm. Enhancement factor is
defined as

2 A()N (2)da

Fo oo (10)
" A(2) o N(2)d

A

Here A(A)pare is the wavelength dependent absorption in a bare
400 nm thick film of InAs that has a volume equal to that of the
nanowire. Short circuit current density, LAE and EF for different
optimized InAs NW based structures are summarized in Table
2. The highest short circuit current density for normal incidence
is found to be 39.08 mA cm ™2 for quad radii InAs NW structure
which is significantly higher than GaAs NW" and InP NW*
based structure. If the quad radii InAs NW structure is illumi-
nated at 10° angle of incidence, the short circuit current density
value soars even higher at 40.15 mA cm ™ > accounting for ~95%
conversion efficiency comparing with the AM 1.5 spectrum™
(~42 mA cm ™). Moreover, for this configuration this structure
has phenomenal light absorption efficiency of 97% within the
wavelength range 300 nm to 1000 nm. For normal incidence the
highest light absorption efficiency of 96.31% was found for
100 nm and 75 nm double radii InAs NW structure with FR 0.2
within the wavelength range 300 nm to 1000 nm. Table 3 shows
the comparison of the results from the present study with the
previous works using semiconductor nanowire based absorber
and from this table it is evident that this work produces
significantly better result in terms of Jsc as well as enables ultra
broadband perfect absorption. In addition, higher light
absorption efficiency and enhancement factor values suggest
that InAs NWs can be used as the absorber layer in thin film
photonic devices which can increase their efficiency
significantly.

5 Conclusions

In this study, we have optimally designed single radius and
multiple radii InAs NW arrays to achieve ultra broadband

RSC Adv, 2021, 11, 37595-37603 | 37601
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perfect absorption that can be used as the active layer of thin
film photonic devices. Geometrical dimensions for vertically
aligned single, double, and multiple diameters of InAs NW
arrays are numerically investigated using FDTD simulations.
The absorption spectra of the proposed structure are theoreti-
cally calculated using Mie theory and guided mode resonance
and the obtained values exhibit good agreement with the
simulation results. To achieve ultra broadband perfect absorber
multi radii optimized NWs structure is employed with filling
ratio 0.2 and the highest short circuit current density of 40.15
mA cm > and LAE of 97% are obtained for 10° angle of inci-
dence within the wavelength range of 300 nm to 1000 nm and
300 nm to 1200 nm respectively. Moreover, both the hexagonal
and square unit cells show closely matched absorption spectra.
The optimized structure is found to be polarization insensitive
and the LAE remains above ~85% up to 30° angle of incidence
whereas for normal incidence of light it becomes 95.78%. In
addition, the LAE can be as high as 96.31% for normal inci-
dence of light using double radii nanowire array. The analysis
suggests that optimum amount of absorbing material i.e. filling
ratio is required for the highest absorption of light while the
absorption wavelength range is determined by the radius of the
NWs. This is the first reported semiconductor NW based ultra
broadband perfect absorber and it can pave the way for efficient
thin film photonic devices by offering design-flexibility and
reducing fabrication and processing complexity of such single
layer InAs nanowire structures.

Author contributions

Mohammad Muntasir Hassan: conceptualization, data cura-
tion, formal analysis, visualization, software, writing - original
draft, writing - review & editing; Fariba Islam: conceptualiza-
tion, data curation, formal analysis, software, writing - original
draft; Md Zunaid Baten: co-supervision, writing - review &
editing; Samia Subrina: conceptualization, writing — review &
editing and supervision.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

MMH, FI, MZB and SS acknowledge the support and facilities
received from the Department of Electrical and Electronic
Engineering and Institute of Information and Communication
Technology of Bangladesh University of Engineering and
Technology.

Notes and references

1 L. Zhou, S. Zhuang, C. He, Y. Tan, Z. Wang and J. Zhu, Nano
Energy, 2017, 32, 195-200.

2 K. Fan, J. Y. Suen, X. Liu and W. ]J. Padilla, Optica, 2017, 4,
601-604.

37602 | RSC Adv, 2021, 11, 37595-37603

View Article Online

Paper

3 S. Mokkapati, D. Saxena, H. Tan and C. Jagadish, Sci. Rep.,
2015, 5, 1-7.

4 T. Cao, K. Xu, G. Chen and C.-y. Guo, RSC Adv., 2013, 3, 6282-
6285.

5 Z. Liu, M. Yu, S. Huang, X. Liu, Y. Wang, M. Liu, P. Pan and
G. Liu, J. Mater. Chem. C, 2015, 3, 4222-4226.

6 M. Aalizadeh, A. Khavasi, B. Butun and E. Ozbay, Sci. Rep.,
2018, 8, 1-13.

7 H. Gao, W. Peng, S. Chu, W. Cui, Z. Liu, L. Yu and Z. Jing,
Nanomaterials, 2018, 8, 1038.

8 L. Lei, S. Li, H. Huang, K. Tao and P. Xu, Opt. Express, 2018,
26, 5686-5693.

9 F. Ding, Y. Cui, X. Ge, Y. Jin and S. He, Appl. Phys. Lett., 2012,
100, 103506.

10 H. Zhang, J. Yang, H. Zhang and J. Liu, Opt. Mater. Express,
2018, 8, 2103-2113.

11 P. Buranasiri, S. Plaipichit, C. Puttharugsa and S. Wicharn,
Radiat. Phys. Chem., 2021, 109701.

12 M. Chirumamilla, A. Chirumamilla, Y. Yang, A. S. Roberts,
P. K. Kristensen, K. Chaudhuri, A. Boltasseva,
D. S. Sutherland, S. I. Bozhevolnyi and K. Pedersen, Adv.
Opt. Mater., 2017, 5, 1700552.

13 P. Bermel, C. Luo, L. Zeng, L. C. Kimerling and
J. D. Joannopoulos, Opt. Express, 2007, 15, 16986-17000.

14 R. Dewan, M. Marinkovic, R. Noriega, S. Phadke, A. Salleo
and D. Knipp, Opt. Express, 2009, 17, 23058-23065.

15 K. X. Wang, Z. Yu, V. Liu, Y. Cui and S. Fan, Nano Lett., 2012,
12, 1616-1619.

16 E. Garnett and P. Yang, Nano Lett., 2010, 10, 1082-1087.

17 D. Wu, X. Tang, K. Wang and X. Li, Sci. Rep., 2017, 7, 46504.

18 H.-J. Li, Y.-Z. Ren, J-G. Hu, M. Qin and L.-L. Wang, J.
Lightwave Technol., 2018, 36, 3236-3241.

19 G. Perrakis, O. Tsilipakos, G. Kenanakis, M. Kafesaki,
C. M. Soukoulis and E. N. Economou, Opt. Express, 2019,
27, 6842-6850.

20 S. Zaman, M. M. Hassan, M. Hasanuzzaman and
M. Z. Baten, Opt. Express, 2020, 28, 25007-25021.

21 M. M. Hassan, M. H. Murad, T. Fouzder, S. Zaman and
M. Z. Baten, I[EEE |International Conference on
Telecommunications and Photonics (ICTP), 2019, pp. 1-4.

22 Y. Gao, H. Cansizoglu, K. G. Polat, S. Ghandiparsi, A. Kaya,
H. H. Mamtaz, A. S. Mayet, Y. Wang, X. Zhang, T. Yamada,
E. P. Devine, A. F. Elrefaie, S. Y. Wang and M. S. Islam,
Nat. Photonics, 2017, 11, 301.

23 S. Mokkapati and C. Jagadish, Opt. Express, 2016, 24, 17345~
17358.

24 Y. Chen, PhD thesis, Lund University, 2018.

25 H. Goto, K. Nosaki, K. Tomioka, S. Hara, K. Hiruma,
J. Motohisa and T. Fukui, Appl. Phys. Express, 2009, 2,
035004.

26 E. Nakai, M. Yoshimura, K. Tomioka and T. Fukui, jpn. J.
Appl. Phys., 2013, 52, 055002.

27 Y. Wu, X. Yan, X. Zhang and X. Ren, Opt. Express, 2015, 23,
A1603-A1612.

28 J. Wallentin, N. Anttu, D. Asoli, M. Huffman, I. Aberg,
M. H. Magnusson, G. Siefer, P. Fuss-Kailuweit, F. Dimroth,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra06812a

Open Access Article. Published on 23 November 2021. Downloaded on 4/6/2026 4:09:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

B. Witzigmann, H. Q. Xu, L. Samuelson, K. Deppert and
M. T. Borgstrom, Science, 2013, 339, 1057-1060.

29 Y. Zhang and H. Liu, Crystals, 2019, 9, 87.

30 N. Anttu, Nanotechnology, 2018, 30, 074002.

31 E. D. Palik, Handbook of optical constants of solids, Academic
press, 1998, vol. 3.

32 J. Boulanger, A. Chia, B. Wood, S. Yazdi, T. Kasama,
M. Aagesen and R. LaPierre, IEEE Journal of Photovoltaics,
2016, 6, 661-667.

33 A. H. Trojnar, C. E. Valdivia, R. R. LaPierre, K. Hinzer and
J. J. Krich, IEEE journal of Photovoltaics, 2016, 6, 1494-1501.

34 Y. Hu, R. LaPierre, M. Li, K. Chen and ].-]. He, J. Appl. Phys.,
2012, 112, 104311.

35 N. Han, Z.x. Yang, F. Wang, G. Dong, S. Yip, X. Liang,
T. F. Hung, Y. Chen and ]J. C. Ho, ACS Appl. Mater.
Interfaces, 2015, 7, 20454-20459.

36 B. Wang and P. W. Leu, Opt. Lett., 2012, 37, 3756-3758.

37 B. C. Sturmberg, K. B. Dossou, L. C. Botten, A. A. Asatryan,
C. G. Poulton, C. M. De Sterke and R. C. McPhedran, Opt.
Express, 2011, 19, A1067-A1081.

38 K. T. Fountaine, W. S. Whitney and H. A. Atwater, J. Appl.
Phys., 2014, 116, 153106.

39Y. Chen, P. Kivisaari, M.-E. Pistol
Nanotechnology, 2016, 27, 435404.

40 J. Kupec and B. Witzigmann, Opt. Express, 2009, 17, 10399-
10410.

41 K. Azizur-Rahman and R. LaPierre, Nanotechnology, 2015, 26,
295202.

42 B. C. Sturmberg, K. B. Dossou, L. C. Botten, A. A. Asatryan,
C. G. Poulton, R. C. McPhedran and C. M. De Sterke, ACS
Photonics, 2014, 1, 683-689.

43 D. Wu, X. Tang, K. Wang, Z. He and X. Li, Nanoscale Res.
Lett., 2017, 12, 604.

44 J. Kupec, R. L. Stoop and B. Witzigmann, Opt. Express, 2010,
18, 27589-27605.

45 N. Anttu and H. Xu, Opt. Express, 2013, 21, A558-A575.

and N. Anttu,

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

46 P. M. Wu, N. Anttu, H. Xu, L. Samuelson and M.-E. Pistol,
Nano Lett., 2012, 12, 1990-1995.

47 J. C. Shin, A. Lee, P. Katal Mohseni, D. Y. Kim, L. Yu,
J. H. Kim, H. J. Kim, W. J. Choi, D. Wasserman, K. J. Choi,
et al., ACS Nano, 2013, 7, 5463-5471.

48 T. N. Saada, A. G. M. da Silva, P. Subramanian, L. Pang,
N. Adnane, B. Djafari-Rouhani, V. Mishyn, D. Meziane,
S. Melinte, G. Sandu, F. Dumeignil, S. Paul, R. Wojcieszak,
R. Boukherroub and S. Szunerits, J. Mater. Chem. A, 2020,
8, 10395-10401.

49 S. Hu, C.-Y. Chi, K. T. Fountaine, M. Yao, H. A. Atwater,
P. D. Dapkus, N. S. Lewis and C. Zhou, Energy Environ. Sci.,
2013, 6, 1879-1890.

50 Lumerical Inc, https://www.lumerical.com/products/.

51 G. Astm 173-03: Standard tables for reference solar spectral
irradiances: direct normal and hemispherical on 37 tilted
surface, ASTM International, West Conshohocken, PA, 2003.

52 L. Cao, P. Fan, A. P. Vasudev, J. S. White, Z. Yu, W. Cali,
J. A. Schuller, S. Fan and M. L. Brongersma, Nano Lett.,
2010, 10, 439-445.

53 D. R. Abujetas, R. Paniagua-Dominguez and J. A. Sanchez-
Gil, ACS Photonics, 2015, 2, 921-929.

54 A. W. Snyder and J. Love, Optical waveguide theory, Springer
Science & Business Media, 2012.

55 P. W. Barber and R. K. Chang, Optical effects associated with
small particles, World Scientific, 1988, vol. 1.

56 L. Cao, J. S. White, J.-S. Park, J. A. Schuller, B. M. Clemens
and M. L. Brongersma, Nat. Mater., 2009, 8, 643-647.

57 O. Levy and D. Stroud, Phys. Rev. B: Condens. Matter Mater.
Phys., 1997, 56, 8035.

58 Z. Xu, H. Huangfu, L. He, J. Wang, D. Yang, J. Guo and
H. Wang, Opt. Commun., 2017, 382, 332-336.

59 C. Carlson and S. Hughes, J. Opt. Soc. Am. B, 2018, 35, 1093-
1104.

60 S. Eyderman, A. Deinega and S. John, J. Mater. Chem. A, 2014,
2, 761-769.

RSC Adv, 2021, 11, 37595-37603 | 37603


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra06812a

	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber
	Analysis and design of InAs nanowire array based ultra broadband perfect absorber


