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Abstract

Black phosphorous (bP), a two-dimensional (2D) layered material, has shown great
potential for infrared (IR) optoelectronics owing to the narrow and direct bandgap it
exhibits when in multilayer form. However, its thinness and optical anisotropy lead to
weak light absorption, which limits the performance of bP-based photodetectors. In

this work, we explore plasmonic nanoantennas, optical cavities, and their hybrids that



can be integrated with multilayer bP to enhance its light absorption. This is achieved
by near-field light intensity enhancement and polarization conversion. In addition, we
demonstrate that these nanostructures can boost the spontaneous emission from bP.
Light absorption enhancements of up to 185 and 16 times are obtained for linearly
polarized and unpolarized IR light, respectively, in comparison with a commonly used
device architecture (bP on SiO2/Si). Moreover, IR light emission enhancements of up
to 18 times are achieved. The optical nanostructures presented here can be exploited
for enhancing the detectivity of photodetectors and electroluminescence efficiency of

light-emitting diodes based on bP and other 2D materials.
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Introduction

Optical nanoantennas can confine light in deeply subwavelength volumes leading to strong
near-field intensity enhancements. In a reciprocal manner, they can boost the luminescence
of emitters placed in their vicinity. Hence, they have been widely employed for light-matter
interaction enhancement in surface-enhanced Raman scattering, ? surface-enhanced fluores-

3 surface-enhanced infrared absorption,* and more recently, optoelectronic devices

cence, b
based on two-dimensional (2D) materials.?®

Owing to their exceptional properties, 2D layered materials including graphene, black
phosphorous (bP), and transition metal dichalcogenides (TMDs, e.g. MoS, and WSe,) have
proven to be promising candidates for optoelectronic devices. 2 Photodetectors, 316 light-

emitting diodes (LEDs),'"! and optical modulators?®?! based on these materials have been

demonstrated. However, a major challenge for optoelectronics based on 2D materials is their



low light absorption, resulting from their thinness and thus short optical interaction path.
Furthermore, high non-radiative decay rates lead to inefficient emission from 2D materi-

22733 and dielectric

als. This has motivated the use of optical structures such as plasmonic
nanoantennas and optical cavities®*3? for light absorption and emission enhancement in these

materials. These studies have mainly focused on light absorption enhancement in mono-

7,8,20,23,24,37 S, 28,29,33
)

layer graphene and photoluminescence enhancement in monolayer Mo
WSy, 252730 and WSe,, 31:3234,38

Infrared (IR) detectors and emitters play a pivotal role in a variety of areas including
biomedical and thermal imaging, spectroscopy, gas sensing, telecommunication, night vision,
and astronomy. Multilayer bP is particularly suitable for mid-wave IR applications thanks
to its direct and narrow bandgap of ~0.31 eV.4%4! Additionally, it forms a high-quality p-n
heterojunction with MoS, which is suitable for IR photodiodes*?™** and LEDs.

Some 2D materials such as bP*" and quasi-2D Te?> possess an anisotropic crystal struc-
ture leading to optical anisotropy. For instance, bP has an armchair atomic arrangement
along one in-plane direction and a zigzag arrangement along the other. The optical ab-
sorption and emission in the armchair direction are much stronger than those in the zigzag
direction. #4648 Although this property can be exploited for polarization detection*? and
polarization imaging,*® in general, it is not desirable. For example, photodetectors based
on bP are nearly blind to one polarization. This also means that the power carried by one
polarization cannot be collected when detecting unpolarized light.

Herein, we explore plasmonic nanoantennas, optical cavities, and their combinations for
enhancing the light-matter interaction in multilayer bP in the IR region. Finite-difference
time-domain (FDTD) electromagnetic simulations were performed to this end. These optical
nanostructures boost the light absorption in bP by intensifying the local electromagnetic
fields. In a reciprocal manner, they enhance the light emission from bP by accelerating its
spontaneous emission rate. We demonstrate that plasmonic nanoantennas can be utilized

for tailoring the near-field light polarization and thus engineering the optical isotropy of



2D materials. T-shaped nanoantennas can convert the light polarization from the zigzag
to armchair crystal direction and hence create a nearly isotopic light absorption in bP. T-
shaped nanoantennas were previously proposed as a bimodal antenna structure with two
independent resonances localized in a single nanogap. They can be used for coupling with

quantum emitters that show a shift between absorption and emission frequencies.?®

Results and discussion

Light absorption in 2D materials can be boosted by integrating them with plasmonic nanoan-
tennas and optical cavities. This originates from the light confinement and intensity enhance-
ment provided by the optical structure. The time-averaged optical power density absorbed

in a material can be expressed as®!
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where E = E,4 + E,y + E.z denotes the electric field, P electric polarization, w angular
frequency, € = € + i€’ = ¢y(n + ik)? material’s permittivity, and €y vacuum permittivity.
According to this equation, the optical power absorbed in the material associated with each
direction is proportional to the electric field intensity, n, and k in that direction.

The crystal structure of bP is visualized in Figure 1la. The armchair and zigzag crystal
directions are defined as x and y, respectively. The optical anisotropy of bP can be seen
in Figure 1b, which shows the complex refractive index (n + ik) of multilayer bP along the
different crystal directions. The experimentally measured in-plane (x and y) and theoretically
calculated out-of-plane (z) refractive index values were taken from refs. (42) and (52),
respectively. For energies above the armchair band edge of ~0.31 eV (A =4 um), k, is much
larger than k, and k. which results in much stronger light absorption associated with the x
direction.

The armchair bandgap of bP saturates to its bulk value of ~0.31 eV for flakes thicker than

4
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Figure 1: (a) Schematic of bP crystal structure. (b) Complex refractive index of bP taken
from refs. (42) and (52). (c) Optical power absorbed in suspended 10-nm-thick bP (“Sus-
pended” structure) with the incident light polarized in the z (armchair) and y (zigzag) direc-
tions. (d) Schematic of 10-nm-thick bP sitting on the SiO,/Si substrate (“SiO9/Si” structure)
and optical power absorbed in bP with different SiO, thicknesses for x- and y-polarized light.

4 nm (~8 layers).?® A bP flake with thickness of 10 nm was considered in all the following
simulations. Figure lc plots the optical power (normalized to the source power) absorbed
in a suspended 10-nm-thick bP flake as a function of wavelength with the incident light
polarized in the = and y directions. This configuration is referred to as “Suspended” here.
As expected, the absorption for xz-polarized light is much greater than that for y-polarized
light.

Optoelectronic devices based on 2D materials are often fabricated on SiO,/Si substrates,
as illustrated in Figure 1d. The SiO, layer electrically insulates the 2D material sitting
on the substrate from Si, which can also be used to apply a gate bias. Figure 1d plots

the power absorbed in a 10-nm-thick bP sitting on this substrate (referred to as “SiOy/Si”
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Figure 2: (a) Schematic of 10-nm-thick bP sitting on the Al;O3/Au optical cavity substrate
(“Half-Cavity” structure) and optical power absorbed in bP with varying Al,O3 thickness
for z- and y-polarized light. (b) Schematic of 10-nm-thick bP placed in the FP cavity (“FP
Cavity” structure) and optical power absorbed in bP with different spacer thicknesses for -
and y-polarized light.

structure here) with different SiO, thicknesses (ts) for z- and y-polarized light. The SiO,/Si
stack acts as an optical cavity; the reflected light from the SiOs/Si interface interferes with
the incident light at the substrate surface. This gives rise to the resonance observed in
the absorption spectrum which redshifts with an increase in t,. We note that ¢, can be

optimized for bP absorption; however, other studies usually use an SiO, thickness of 300

19,26,28,41,43 8,16,22,27,29,44,46 48

nm or less, regardless of the operating wavelength. Accordingly,
here we benchmark the other structures against the “SiO5/Si; t; = 300 nm” configuration.
Light intensity at the substrate surface can be increased by using a metallic mirror. Here
we consider the AloO3/Au optical cavity substrate shown in Figure 2a, which consists of a
120-nm-thick Au mirror and an Al,O3 layer with thickness ¢5 on an Si substrate. Here, the
Al;O3 layer acts as the optical spacer and electrical insulator. The reflected light from the
Au mirror interferes constructively with the incident light at the substrate surface leading

to light intensity enhancement. To maximize the light intensity at the substrate surface at

wavelength A, ¢, should be equal to \/(4ny), where n, is the refractive index of the spacer.


nsefidmooye
Highlight


Figure 2a presents the power absorbed in the 10-nm-thick bP sitting on this substrate (termed
“Half-Cavity” structure here) with varying AloOj thickness for - and y-polarized light. The
bP absorption in this structure is greater than that in “SiOy/Si” for both polarizations.

A Fabry-Pérot (FP) cavity can further enhance the bP absorption. It is formed by
adding a spacer/mirror stack on top of bP in the “Half-Cavity” structure. The resulting
configuration (“FP Cavity”), along with bP absorption for different spacer thicknesses (i)
and polarizations, is depicted in Figure 2b. In this structure, the incident light penetrates
through the thin, semi-transparent top Au mirror and resonates between the two mirrors at
A = 4tgn,g (fundamental resonance). The thickness of the top Au mirror (¢,,) was optimized
for the unpolarized light absorption, which is abSynpor = (abSzpor + abSyper)/2. For example,
for t, = 400 nm, the optimal top mirror thickness is t,, = 4 nm. The optimal ¢,, for other
ts values is reported in the Supporting Information, Table S1. This configuration provides
a stronger absorption with a narrower bandwidth than the “Half-Cavity” and “SiO,/Si”
configurations for both polarizations. E.g., for t, = 400 nm, the full width at half maximum
is 282 nm for z-polarized light, which is ~5.6 times smaller than that for “Half-Cavity;
ts = 410 nm” (1590 nm). Yan et al. recently employed a similar device architecture for
spectrally selective IR detection based on bP/MoS, photodiodes. %3

As seen above, optical cavities can significantly enhance the bP absorption. However,
the absorption for y-polarized light is still much smaller than that for az-polarized light
due to the optical anisotropy of bP. Plasmonic nanoantennas can effectively manipulate the
optical near fields. In addition to strongly confining light and thus enhancing the near-field
intensity, they can modify the near-field polarization. We found T-shaped nanoantennas
particularly useful for this purpose. Figure 3a illustrates the “T-Shaped” configuration,
which is formed by integrating periodically arranged T-shaped Au nanoantennas with the
“Half-Cavity” structure. Geometrical parameters of T-shaped nanoantennas are depicted in
Figure 3b. The antenna gap is aligned in the x (armchair) direction. Figure 3¢ plots the

optical power absorbed in bP with varying [, for x- and y-polarized incident light. Antenna
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Figure 3: (a) Schematic illustrating 10-nm-thick bP sitting on the Al,O3/Au optical cav-
ity substrate integrated with periodic T-shaped Au plasmonic nanoantennas (“T-Shaped”
structure). (b) Geometrical parameters of T-shaped nanoantennas. The gray dashed box
represents the unit cell. p, and p, are the period in the = and y directions, respectively. (c)
Optical power absorbed in bP with varying [, for x- and y-polarized illumination.

thickness and gap (g) were set to 30 nm and 40 nm, respectively, in all the simulations
in this work. We found that the performance of plasmonic structures deteriorates with
further increase of these parameters. Other parameters (I, ts, and w) were optimized for
unpolarized light absorption. E.g. for [, = 400 nm, we have ({,,t,, w) = (290, 120, 120) nm.
Optimal parameters for other [, values are reported in the Supporting Information, Table
S2. High absorption values are achieved for both polarizations. For instance, for [, = 400
nm, bP absorption is 66.76% and 49.94% for z- and y-polarized illumination, respectively,
at A = 3.08 pm. This is a huge enhancement in comparison with previous configurations,
especially for y-polarized illumination.

Figure 4 provides insights into the absorption enhancement mechanism in the “T-Shaped”
configuration. Figure 4a presents the light absorption density in bP, calculated using equa-
tion (1), with {, = 400 nm for z-polarized illumination at A = 3.08 um. Results for y-

polarized illumination are shown in Figure 4b. The arrows represent the in-plane component
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Figure 4: Light absorption density in bP in the “T-Shaped” structure with [, = 400 nm for
(a) a-polarized and (b) y-polarized incident light at A = 3.08 um. The arrows represent
the in-plane component of electric field (E,z + E,y) at an instant of time. The absorption
density and electric field values depicted here are the average values across the thickness of
bP.

of electric field (E,z + E,y) at an instant of time. The absorption density and electric
field values depicted here are the average values across the 10-nm thickness of the bP. For
x-polarized illumination, T-shaped nanoantennas act like regular rod nanoantennas; they
enhance the light intensity and thus absorption in the antenna gap through localized surface
plasmon resonances. For y-polarized illumination, in addition to intensity enhancement,
the T-shaped nanoantennas rotate the polarization to the x direction (along which bP can
absorb light) in the gap and around the T legs.

Periodic rod nanoantennas, as shown in Figure 5a, can be used for polarization dependent
absorption enhancement in 2D materials. Integrating them with the “Half-Cavity” structure
and optimizing the geometrical parameters for z-polarized light absorption in bP led us
to ribbon nanoantennas, 7.e. p, = w, as shown in Figure 5b. The resulting structure is
referred to as “Ribbon” here. Optical power absorbed in bP in “Ribbon; (I, ts) = (280, 80)
nm” is plotted in Figure 5c for x- and y-polarized incident light. Figure 5d presents the
light absorption density in bP and the in-plane electric field in this structure for z-polarized
illumination at A = 3.08 ym. In addition to enhancing the absorption for z-polarized light,

this structure strongly suppresses the absorption for y-polarized light. The metallic ribbons
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Figure 5: (a) and (b) Geometrical parameters of periodic rod and ribbon Au nanoantennas,
respectively. (c¢) Optical power absorbed in bP in the “Ribbon; [, = 280 nm”, “Cross;
l, = 360 nm”, “T-Shaped; [, = 400 nm”, and “FP Cavity; t, = 400 nm” structures for z-
and y-polarized incident light. (d) Light absorption density in bP in the “Ribbon; I, = 280
nm” structure for z-polarized incident light at A = 3.08 pym. The arrows represent the in-
plane component of electric field (E,& + E,y) at an instant of time. The absorption density
and electric field values depicted here are the average values across the thickness of bP. (e)
Geometrical parameters of periodic cross-shaped Au nanoantennas. In (a), (b), and (e), the
unit cell is marked by a gray dashed box. p, and p, are the period in the x and y directions,
respectively.

do not resonate for y-polarized illumination and shadow the underlying bP. The y-polarized
light cannot penetrate through the 40-nm antenna opening either, as its electric field is
parallel to the metallic features in the gap. This is further illustrated in the Supporting
Information, Figure S1, which depicts the electric field intensity (normalized to the incident
intensity) inside bP (averaged across its thickness) for z- and y-polarized illumination. The
light intensity (|E|?/|F;|?) is smaller than 107'° everywhere inside bP (including the gap
area) for y-polarized illumination. Hence, this configuration can be used for creating strongly
anisotropic optical response in 2D materials.

Polarization independent absorption enhancement in 2D materials can be achieved em-
ploying periodic cross-shaped nanoantennas, as shown in Figure 5e. The configuration ob-
tained by integrating these nanoantennas with the “Half-Cavity” structure is termed “Cross”
here. Figure 5¢ compares the optical power absorbed in bP in the “Cross; (I, [, ts, w) =
(360,370, 120, 120) nm”, “Ribbon; [, = 280 nm”, “T-Shaped; [, = 400 nm”, and “F'P Cavity;

ts = 400 nm” configurations for z- and y-polarized illumination. The Supporting Informa-
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Table 1: BP absorption at A\ = 3.08 um for different configurations optimized for this
wavelength

absa:pol (%) absypol (%) absunpol (%) CLbszpol/absypol

Suspended 6.72 0.28 3.5 24
Si04/Si; ts = 300 nm 7.08 0.27 3.68 26.22
Half-Cavity; ts = 410 nm 25.43 1.05 13.24 24.22
FP Cavity; ts = 400 nm 51.79 4.14 27.97 12.51
T-Shaped; [, = 400 nm 66.76 49.94 58.35 1.34
Ribbon; [, = 280 nm 70.68 <1071 35.34 > 7 x 101
Cross; [, = 360 nm 64.46 24.51 44.49 2.63

tion, Figure S2, presents the light absorption density in bP and the in-plane electric field in
the “Cross; [, = 360 nm” structure for x- and y-polarized incident light at A\ = 3.08 yum. The
“Cross” structure provides a higher absorption for y-polarized illumination compared with
“FP Cavity”. However, it is lower than that provided by the “T-Shaped”.

To summarize the results, Table 1 lists the bP absorption values at A = 3.08 pym for
different optical structures optimized for this wavelength. The “T-Shaped” configuration
exhibits the highest absorption for y-polarized (abs,,.) and unpolarized (abSynpo) illumi-
nation. It enhances absy,, by 185 times and abs,np, by 16 times in comparison with the
commonly used “SiO,/Si” structure. The “Ribbon” structure shows the highest absorp-
tion for x-polarized illumination (abs,pe), the lowest abs,,., and the highest anisotropy
(abSupol/absyper). It enhances abs,po by 10 times, suppresses abs, o by more than 109 times,
and enhances abs,po/absyp, by more than 10'° times compared with “SiO,/Si”.

In addition to light absorption enhancement, optical nanoantennas and cavities can en-
hance the light emission from emitters located in their electromagnetic environment. This
mainly arises from the enhancement of emitter’s spontaneous emission rate, which is known
as Purcell effect.®® The spontaneous emission rate is proportional to the local density
of states in the emission process, which is proportional to the emitted power. The latter
quantity can be calculated by classical FDTD simulations. Here, we studied the emission
enhancement in the 10-nm-thick bP integrated with different optical structures. The emis-

sion process was modelled using a broadband oscillating electric dipole polarized in the z

11
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Figure 6: (a) Purcell enhancement factor and (b) out-coupling efficiency to the upper half-
space for “Ribbon; [, = 280 nm”, “FP Cavity; t, = 400 nm”, “Half-Cavity; t, = 410 nm”,
“Si04/Si; t, = 300 nm”; and “Suspended” structures. Panel b includes a schematic of the
“Ribbon” structure depicting the collection angle 6.

(armchair) direction, which was positioned in the middle layer of the 10-nm-thick bP.
Purcell factor (fp) is defined as the spontaneous emission rate enhancement provided
by the optical medium. Le., fp = ~,/7° , where 7, and 1° are the radiative decay rates of
excitons in the optical structure and in a homogeneous medium, respectively. Figure 6a plots
the Purcell factor for the “Ribbon; [, = 280 nm”, “FP Cavity; t, = 400 nm”, “Half-Cavity;
ts = 410 nm”, “SiO4/Si; t; = 300 nm”, and “Suspended” structures. The “Ribbon” structure
yields the highest fp. Multiple ribbons were used for simulating the emission process in the
“Ribbon” structure, which results in the multiple resonance peaks in the fp curve.

Out-coupling efficiency (1,.) is the fraction of radiated photons that manage to escape the

12



optical structure and reach a desired range of angles 6, as shown for the “Ribbon” structure in
Figure 6b, in the far field. This figure plots 7,.(0: —90° — 90°), i.e. out-coupling efficiency
to the upper half-space, for different configurations. At A = 3.08 pm, “Half-Cavity” yields
the highest 7,. of 67.6%. The rest of the emitted light is mainly waveguided through the
Al, O3 spacer in the horizontal direction. In the “SiO5/Si” configuration, in addition to the
horizontally waveguided light, a considerable portion of the photons is radiated downwards
and hence lost. This leads to a smaller 7,.(6: —90° — 90°) for this structure compared with
the ones containing a bottom mirror.

The emission efficiency (7.) of an optical structure can be defined as 7. = 7,7,.. Here,
1, is the quantum efficiency which is the fraction of transitions from the excited states to
the ground state that are radiative; i.e., 7, = v /(7 + Ynr + V). In this relation, 7, is the
decay rate of excitons to non-radiative channels such as phonons, and ~; is the loss decay rate
accounting for the non-radiative channels that the optical structure might introduce. The
emission enhancement provided by the optical structure in comparison with a homogeneous
medium can be expressed as 7c/1° = (74/19) X (Noc/Noe), Where 1) = 72/(v2 4+ ~9,) is the
intrinsic quantum efficiency. Assuming 7, = 72,, for an intrinsically low-quantum efficiency

emitter, i.e. ). > 7, 1y/7) can be approximated as

Ny W/
o 1+ (v, )/,

If 75, > (7, + ), then the latter equation reduces to n,/n) ~ v,/ = fp. Hence, n./n? ~
fp X (Noc/1oc)-  This leads us to n2/n; ~ (f2/fp) X (02/Ns), which suggests that the
quantity fp X m,. can be used for comparing the emission efficiency of different optical
structures. The main assumption made here is that the emitter has a low intrinsic quantum
efficiency which is the case for multilayer bP.% Figure 7a—e present the spectral and far-
field angular distribution of this quantity, i.e. fp X 01,/00, for the “Ribbon; [, = 280

nm”, “FP Cavity; t; = 400 nm”, “Half-Cavity; t; = 410 nm”, “SiO4/Si; t; = 300 nm”, and

13
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Figure 7: Spectral and far-field angular distribution of light emission efﬁciency for (a) “Rib-
bon; I, = 280 nm”, (b) “FP Cavity; ¢, = 400 nm”, (¢) “Half-Cavity; t; = 410 nm”, (d)
“Si04/Si; ts = 300 nm”, and (e) ¢ Suspended” structures.

Table 2: Emission metrics at A = 3.08 pum for different configurations optimized for this
wavelength

fr Moc(6: —90° — 90°)  fp X Moe(B: —90° — 90°)
Suspended 0.98 0.5 0.49
SiO9/Si; ts = 300 nm 1.47 0.35 0.52
Half-Cavity; t, = 410 nm  2.99 0.68 2.02
FP Cavity; t; =400 nm  8.86 0.61 5.42
Ribbon; [, = 280 nm 14.2 0.66 9.31

“Suspended” structures, respectively. Table 2 summarizes the emission metrics at A\ = 3.08
pm for different optical structures optimized for this wavelength. The “Ribbon”, “FP Cavity”,
and “Half-Cavity” configurations provide emission enhancements of 17.9, 10.4, and 3.9 times,

respectively, in comparison with the commonly used “SiO,/Si” structure.
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Conclusion

In this work, we designed optical nanostructures including plasmonic nanoantennas, optical
cavities, and their combinations for enhancing the interaction of IR light with multilayer
bP. We demonstrated that T-shaped nanoantenna-cavity hybrid can efficiently enhance the
light absorption in bP by boosting the light intensity and converting its polarization. It was
also found that ribbon nanoantenna-cavity hybrid can simultaneously enhance and suppress
the light absorption for different polarizations, and thus, enhance the optical anisotropy of
2D materials. Furthermore, these optical structures were found to considerably enhance
the light emission from 2D materials through Purcell effect. BP and other 2D materials
have great potential for optoelectronic applications, and their integration with the optical
structures presented here can significantly boost the performance of devices based on these

materials.

Methods

The finite-difference time-domain (FDTD) technique,®” implemented in the Lumerical FDTD
Solutions software package, was employed to solve the Maxwell’s equations. To study the
spectral response of the optical structures, we used a broadband (A = 1.5-4.5 pm) light
source in both absorption and emission simulations. The mesh size was 1 nm around the
finest features. The experimentally measured wavelength-dependent complex refractive index
values of Al,O3 and SiO, were taken from ref. (58), and those of Au and Si were taken from
ref. (59).

In the absorption simulations, the light source was a linearly polarized plane wave at
normal incidence. Perfectly matched layers (PMLs) were utilized to describe the boundary
conditions in the light propagation direction. Periodic boundary conditions were imple-
mented in the direction perpendicular to propagation. The optical power absorbed in bP

was obtained by calculating the net power flow into a surface enclosing the bP flake. This is
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equivalent to integrating the absorption density, given by equation (1), over the volume of
the bP flake. Geometrical parameters were optimized through parameter sweeping. Details
of the optimization are included in the Supporting Information.

In emission simulations, PML boundary conditions were used in all directions. The light
source was an electric dipole, placed in the middle layer of bP and oscillating in the x
(armchair) direction. The optical power emitted by the dipole was obtained by calculating
the net power flow out of a surface enclosing the dipole. In the “Ribbon” structure, multiple
(~100) ribbons were used to mimic the periodicity of the nanoantennas. Also, the horizontal
position of the dipole source was swept in the middle unit cell beneath the Au ribbons and
the gap between them, and the average results were reported. Due to theoretical issues with
simulating dipole sources placed in dispersive media, the imaginary refractive index of bP

was set to zero in the emission simulations.
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Graphical TOC Entry
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Light-Matter Interaction Enhancement in
Anisotropic 2D Black Phosphorous via
Polarization-Tailoring Nano-Optics
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Sivacarendran Balendhran, Hyungjin Kim, Ali
Javey, and Kenneth B. Crozier

This graphic illustrates the proposed “T-Shaped”
structure together with the obtained result. The
graphic shows that, using this structure, the
infrared light absorption in a 10-nm-thick bP can
reach as high as ~67% and ~50% for z- and
y-polarized illumination, respectively.
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