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Near-Unity Anisotropic Infrared Absorption in
Monolayer Black Phosphorus With/Without
Subwavelength Patterning Design

Naixing Feng

Abstract—As an emerging anisotropic two-dimensional (2-D)
material, few-atomic-layer black phosphorus (BP) has shown some
promising potentials for infrared optoelectronics. Engineering and
enhancing its light-matter interaction is significant for many ad-
vanced photonic devices. In view of this, we aim to achieve ex-
tremely high infrared absorption in monolayer BP with/without
subwavelength patterning. By optimizing the polarization and
angle of the incident light, the dielectric thickness, and the
n-type doping concentration, respectively, infrared radiation can
be sufficiently coupled to optical absorption of the monolayer BP
in a multiscale photonic structure. The anisotropic infrared ab-
sorbance ratios of the unpatterned monolayer BP are enhanced up
to 98.2% and 96 %, respectively, in inequivalent crystal directions.
Moreover, monolayer BP with a design of metasurface and opti-
mized doping can reach near-unity anisotropic infrared absorption
under a smaller incident angle. This paper provides a simple and
efficient scheme to trap infrared light for developing promising
optoelectronic devices based on monolayer BP and potentially
other anisotropic 2-D materials.

Index Terms—Anisotropic media, absorbing media, optical
materials, phosphorus.
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1. INTRODUCTION

S WELL known in the advanced materials community,
A the angstrom-scale two dimensional layered materials
(2DLMs) [1], [2] have attracted a tremendous amount of in-
terests from condensed matter physicists, chemists, semicon-
ductor device engineers, and material scientists, because they
have great promise for applications in photonics [3]-[9], elec-
tronics [10]-[18], thermoelectrics [19], 20], and sensing [21],
[22]. Each monolayer in 2DLMs, such as graphene, hexag-
onal boron nitride, transition metal dichalcogenides (TMDs),
is weakly bounded to adjacent mono-layers by van der Waals
(vdW) forces, so they are also called vdW materials. The vdW
materials show almost all optical properties found in their 3D
counterparts, such as optical resonances because of oscillations
of surface plasmon polaritons, and light emission/lasing and ex-
citons generated in semiconductors [23]. In addition to this, they
possess extraordinary optical characteristics which are affected
by material dimensionality and topology, and have boosted the
development of advanced optics from nano-optics to angstrom-
optics. Numerous theoretical and experimental studies about
the interaction between light and 2DLMs, such as polaritons,
wave guiding and confinement, have been continuously pushed
forward on account of opportunities for novel devices [24]-[29].
Along with this research process, new modeling and simula-
tion methods are much in demand to optimize the designs of
2DLMs-based photonic devices. In most of the related designs,
vdW materials are usually incorporated with conventional 3D
geometrical bulk structures, which might introduce a multiscale
computational problem in simulation, require massive CPU time
and memory, and make the optimization process tiresome. In
order to overcome this problem, the surface current density
method can be applied by treating 2DLMs as conductive surface
boundaries [30], rather than extremely thin 3D effective medium
layers, to yield not only tremendous computation efficiency,
but also exceptional simulation consistency with experimental
results.

Black phosphorus (BP), as an emerging member of 2DLMs,
has been introduced into the 2D material family, which exhibits
high carrier mobility, strong light-matter interaction in the mid-
and far-infrared range, and high degree of band anisotropy [31],
[32]. Particularly, BP is distinct from graphene and TMDs in
the electronic band structure due to its remarkable direct band
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gap strongly depending on the number of atomic layers, which
covers the range from ~0.3 eV for bulk BP to ~2.0 eV for a
monolayer form, and this makes it a critical supplement between
graphene and TMDs for 2D optoelectronics [33], [34]. Very re-
cently, BP has been studied for potential applications including
field effect transistors [5], [10], [14], [15], heterojunction p-n
diode [6], photovoltaic devices [7], and photodetectors [3]. Dif-
ferent from graphene and TMDs with in-plane isotropy, the BP
shows in-plane anisotropic properties because of a unique puck-
ered layered atomic structure, in which there are two inequiv-
alent geometrical directions: the armchair edge (perpendicular
to the atomic ridges) and the zigzag edge (parallel to the atomic
ridges). The Raman scattering spectra and photoluminescence
measurements for BP have revealed its highly anisotropic prop-
erties in experiments [35]. Some theoretical papers have im-
plied anisotropic polaritons in mono or few-layer BP originated
from different effective masses along distinct crystal in-plane
directions [36]. Z. Liu et al. have theoretically demonstrate lo-
calized surface plasmon resonances (LSPR) of monolayer BP
subwavelength nanoribbon and nanopatch arrays at the infrared
range, and indicated BP’s remarkable anisotropic plasmonic re-
sponses due to its puckered crystal structure [37]. The polariton
effects indicate that BP is a promising 2D plasmonic material
for angstrom-optics [38]-[41], which has capabilities of light
confinement and electromagnetic field localization at deep sub-
wavelength scales. In spite of these contributions, the reported
infrared absorption ratio of two dimensional BP materials, es-
pecially monolayer BP, are still relatively low, which hinders its
further applications in practical photonic devices. Therefore, an
efficient and cost-effective method for light trapping in BP is
still quite in demand for reaching higher infrared absorption in
BP.

By systematic studies in this paper, we propose a method to
achieve near-unity infrared absorption in a monolayer BP ma-
terial by manipulating the polarization and angle of incident
light, the thickness of dielectric layer and the n-type doping
concentration. This method uses a simple 3D photonic struc-
ture incorporating a monolayer BP with/without subwavelength
patterning. In these structures, the BP monolayer is separated
from a metallic mirror by a dielectric spacer layer. In view of
existing multiscale problems in computational electromagnet-
ics, we use the finite element method (FEM) simulations in
combination with the technique of surface current boundary,
which treats the vdW material as a 2D surface described by
the physical parameter of conductivity, rather than an extremely
thin 3D bulk in numerical simulations. Mathematical analysis
based on the coupling mode theory (CMT) is also performed
and used as a comparison for a better explanation of the physics
[42]-[45]. Based on the conditions of CMT, the influencing fac-
tors originated from the dielectric layer, BP anisotropy and n-
type doping concentration, incident angle and polarization are
comprehensively discussed and optimized for extremely high
optical absorption in BP. Additionally, BP monolayer with sub-
wavelength patterning is investigated, and also shows extremely
high near-unity infrared absorption. The subwavelength pattern-
ing structure and n-type doping concentration are optimized for
high infrared absorption with a smaller incident angle.
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Fig. 1. (a) Proposed structure with unpatterned BP, where the armchair and
zigzag directions are along the x axis and y axis, respectively. (b) Patterned BP
for LSPR excitation. The symbols « and 6 represent the azimuth and elevation
angles of incident light, respectively.

II. FORMULATION

As an analogue to graphene, the thickness of few-atomic-
layer BP is much smaller than the infrared wavelength, and
its photonic properties can properly be depicted by in-plane
anisotropic optical conductivities, which can be described by
the semiclassical Drude model as below [36],

_ D;
oj(w) =i = (w + in/h) M)
where

Teny g h? i h?
:Z k ’mcrv:22/(Ek_Ek)+ ey = 5~
k m] 7 c v 770 c

As shown in the above, D; is the Drude weight, j denotes
x or y directions, k denotes the number of subbands [36], Ef
and E],j are the conduction and valence band edge energies, and
mk_ and m(’fy are in-plane electron effective masses along the x
(armchair) and y (Zigzag) directions, respectively, as shown in
Fig. 1(a). In order to depict this photonic property of monolayer
BP, we take the first subband with an energy gap A = 2 eV,
the coupling parameter v = 4a/7 eVm, the fitting parameters
of effective masses 7. = h%/(0.4mg) and v, = h?/(1.4my) ,
where h is the reduced Plank constant, my is the electron mass,
a = 0.223 nm and 7/a is the width of Brillouin Zone in the
x direction [36], [37]. For monolayer BP, at the temperature of
300 K, the intrinsic electron concentration n; = 10" cm~2 and
the relaxation rate = 10 meV are used for the Drude model.

Here, we propose and investigate a simple 3D bulk structure
incorporating monolayer BP, as shown in Fig. 1(a). In order
to achieve extremely high infrared absorption, we adopt and
deduce a unique critical coupling mode model for 2D materi-
als with in-plane anisotropy. In this model, the dielectric and
mirror layers are assumed as a lossless material and a perfect
conductor, respectively. Based on a conventional critical cou-
pling mode theory, the infrared light from free space can be
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coupled and trapped in the proposed layered photonic structure
by a certain resonance due to the optical reflection from its top
and bottom surfaces. The infrared trapping efficiency is corre-
lated with the external decay rate 7, radiation through the top
surface and the internal absorption decay rate ~; in BP. When
the critical coupling condition v, = ~; is satisfied, complete in-
frared absorption can be obtained. 7. = <; can be manipulated
by the polarization and angle of incident light. In the proposed
structure, BP monolayer is atomically thin and only the incident
light with its electric field parallel to the BP surface is capable
of interacting with this 2D material and dissipating to optical
loss. Therefore, only s-polarized incident light has the poten-
tial possibility to achieve complete infrared absorption, so we
mainly focus on the analysis discussion of s-polarized light.

Initially, we start from studying the general optical response of
the layered photonic structure without BP, as shown in Fig. 1(a).
In terms of the light wave impedance match conditions and
the continuity of transverse components of the electromagnetic
fields at the air-dielectric interface, the reflection coefficient
can be obtained due to the fact that the impedance has to be
continuous across the interface between the air interface for the
air side and the air interface for the dielectric side [42], as shown
below,

. d e—sin’d

_ 1_Z(w_w0)(7 021510 (2)
= - =2
1+i(w—w) §- =2t

where c is the light speed, wy is angular frequency of resonance,
and d is thickness of dielectric layer. Next, the CMT is adopted to
re-express the reflection coefficient [42]-[45], as shown below,

S.(w) _ 1-iw—wn) /%
Si(w)  14+i(w—wo) /7

where S, and S_ represent the amplitudes of incoming and
outgoing waves, respectively. It can be observed from eq. (2)
and eq. (3) that both of the two equations are for the reflection
coefficient and equivalent, hence we can derive the external
decay rate below,

3)

c-cosf
d(e — sin® 0)

Next, we calculate the internal decay rate in the presence
of a BP monolayer atop the dielectric structure. The internal
decay rate due to the absorption in BP material is calculated
by v; = Epp/E4, where the total energy within the dielectric
resonant structure is shown below,

1

d
o 5/ dz [eo2o B + par o H ()]
0

Ye = “4)

1
= §ET€0d|CE0|2 (5)

FEp p describes the energy dissipation inside the BP material,
which can be expressed as below,
Re(o) _ Re(oy)
2 2
Re(o, :
+ #\C’Eo sin a\z (6)

|CEy cos o

|E(w)z:d |2

4700407

where o, and o, are electrical conductivities for x- and
y-direction, respectively, Ej is the original excitation field, and
C is the auxiliary coefficient used to simplify the expression.
Indeed, because monolayer BP is atomically thick, it typically
maintains the field distribution inside the structure. Therefore,
the internal decay rate, which is due to absorption in a BP mate-
rial separated from a PEC by a lossless spacer in s-polarization,
is equal to the structure with BP material atop this structure, so
we have
- Z()C
Vi = de,
where Zj is the wave impedance of free space, and the relative
permeability p, is equal to 1 because BP is non-magnetic.
As seen 7, in (4) and ~y; in (7), it can be found that the c¢/d is

the common item, so that we can substitute and tidy up equation
(4) into equation (7), as shown below,

. (Re(ay)|cos af* + Re(o,)sin a|2) )

Zy - [(Re(ay)|cosoz|2 + Re(ax)\sina|2)}

Ep

. (cos@—f— & 1) (8)

cos 0

A:

where A represents the optical absorption in monolayer BP, in
terms of the different combinations of « and 6 for s-polarized
light. In order to reach complete infrared absorption in mono-
layer BP, A should equal to 1. Hence, we can solve this equation
to find out the critical angle 6. for extremely high absorption.
Here, we replace sin® 6 to 1 — cos?6, adopt some mathemati-
cal approximation discussed in the Supporting Information, and
simplify the expression for critical angle, as shown below,

s gr—l1 -ZyRe(o,)
O~ -—4 7 9
-2 { ZyRe(a,) ®

Based on the calculated infrared conductivities of monolayer
BP in Fig. 2(a), both ZyRe(o,;) and ZyRe(o,) are very close to
zero, so the critical angle can be calculated and it is estimated
to be close to 90°.

III. SIMULATION RESULTS

As mentioned above, we have theoretically demonstrated and
derived the expression based on the CMT, which can be uti-
lized to determine the critical coupling angles for achieving
extremely high infrared absorption in unpatterned BP monolay-
ers. To further demonstrate the advantages of proposed method
versus the scheme based on plasmonic excitation, we compare
the infrared absorbance ratios for unpatterned and patterned BP
monolayer materials, as shown in Fig. 2(b) and (c). It is observed
that the infrared absorbance ratios in patterned BP monolayers
by optimized plasmonic excitation under p-polarized light are
only about 26% and 5% for electric field along x and y direc-
tions, respectively. In contrast, for unpatterned BP monolayers,
near-unity infrared absorption can be achieved by gradually
increasing the incident angle from 30° to the critical angle un-
der s-polarized light incidence, regardless of the electric field
along x or y directions. Besides, the full wave at half max-
imum (FWHM) for unpatterned BP monolayer under critical
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Fig. 2. (a) The real part of the anisotropic optical conductivity of BP mono-

layer in the armchair (o) and zigzag (o, ) directions. (b) Absorbance ratios
for the electric field along the armchair direction. (c) Absorbance ratios for the
electric field along the zigzag direction. A 4.6 pm-thick dielectric spacer layer
with the refractive index of 1.7 is adopted, and the period and BP width for
the patterned structure are 250 nm and 150 nm, respectively. (d) Anisotropic
infrared absorption of unpatterned BP monolayer under s-polarized light, as a
function of wavelength and incident angle.

coupling is extremely narrow (only 0.437 pm and 0.219 pm for
x and y directions, respectively). Compared with the FWHM of
9.713 pm and 37.888 pm for x and y directions in patterned BP
monolayer by LSPR excitation, the critical coupling scheme in-
dicates much better selection property of absorption wavelength.
Additionally, the central absorption wavelength and maximum
absorption by critical coupling on the unpatterned BP mono-
layer are much less dependent on its anisotropy of conductivity,
which is also further indicated in Fig. 2(d). This property suffi-
ciently eliminates the discrepancy of anisotropy for near unity
infrared absorption in the monolayer BP.

The mechanism of light-BP interaction is further revealed in
Fig. 3(a) and (b). Based on our previous work [46], the optical
loss in 2D materials is mainly induced by the in-plane electric
field. The electric field for any incident angle of s-polarized light
is parallel to the BP monolayer surface under s-polarized light
illumination, but only the electric field under critical coupling
is extremely enhanced. As shown in Fig. 3(a) and (b), for both
electric fields parallel to armchair and zigzag directions, the field
amplitudes under their critical angles (89.4° and 89.7°, respec-
tively) are much larger than under the angle of 30°. This can
be further explained by the optical coupling between the light
waves from the lower and upper interfaces of alumina. Under
the critical angles, the electric field on the surface of monolayer
BP is maximized, and the in-plane anisotropic absorption ra-
tios of BP monolayer reach the largest values for the armchair
(98.2%) and zigzag (96%) directions, respectively. In addition,
we also illuminate the critical angle coupling conditions for
maximum absorbance at various central wavelengths by tun-
ing the thickness of alumina layer (not shown in this figure).
Analytical results of CMT are compared with FEM simulation
results in Fig. 3(c) and (d), which indicate good agreement, and
imply the route to narrow-band complete infrared absorption at
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(a) armchair direction and (b) zigzag direction, respectively, where |E;,| de-
notes the amplitude of the electric field component parallel to the BP monolayer
surface. Critical angles of anisotropic maximum absorbance ratios at various
central wavelengths with optimized alumina thicknesses, for the electric field
along (c) armchair direction and (b) zigzag direction respectively.
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Fig. 4. Anisotropic infrared absorbance of BP monolayer under s-polarized
light, as a function of wavelength and incident angle. The thickness of alumina
layer is 4.6 ;m, and the duty ratio of the square holes are (a) 2/5, (b) 12/25,
(c) 3/5, and (d) 19/25, respectively.

different wavelengths. As shown in Fig. 3(c), the analytical
results have small deviations from the simulation results, es-
pecially in longer wavelengths. This is because the analytical
results are approximated based on a small optical conductivity,
but this approximation is weakened as the conductivity increases
in the armchair direction.

We next study the robustness of the proposed method on the
condition of having various subwavelength square nanoholes
(i.e., metasurface) on the BP monolayer. BP monolayers with
subwavelength square holes of various sizes are taken into ac-
count, and their angle-dependent anisotropic optical properties
are shown in Fig. 4. To simplify our investigation, periodic
boundary conditions with a period of 250 nm are used, and
the duty ratios between the length of square nanohole and the
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Fig. 5. Anisotropic energy distributions on monolayer BP surface under cor-
responding critical angles and 85°. (a) Unpattern BP monolayer, and patterned
BP monolayer with the duty ratio of (b) 2/5, (c) 3/5, and (d) 19/25 respectively.

period are 2/5, 12/25, 3/5 and 19/25, respectively (see Fig. S2
in the supplementary material). As shown in Fig. 4, the near
unity infrared absorption in monolayer BP with nanoholes of
different sizes can still be achieved based on critical coupling
for electric fields along zigzag and armchair directions, and the
central wavelengths of absorption bands for various hole sizes
change slightly, which demonstrates the reliability and stabil-
ity of the proposed scheme. Fig. 4 also shows that the change
of hole size influences the FWHM of the absorption band and
the range of incident angle for critical coupling, especially for
the condition of electric field along the armchair direction. For
a certain hole size (i.e., the duty ratio of 3/5), the absorption
band becomes wider and more incident angles satisfy critical
coupling for extremely high absorption.

Furthermore, we reveal the physics of critical coupling by
investigating the in-plane anisotropic energy distributions of
BP monolayer surface with/without square nanoholes, as illus-
trated in Fig. 5. The in-plane energy distributions are calculated
based on eq. (6). As shown in Fig. 5(a), the in-plane energy
distributions on unpatterned BP monolayer are uniform under
the conditions of critical angles, which are 89.4° and 89.7° for
armchair and zigzag directions, respectively. When the incident
angles deviate the critical coupling conditions and keep at 85°,
the energy decreases significantly, especially for the zigzag di-
rection with a smaller optical conductivity. For patterned BP
monolayers, there are strong in-plane anisotropic dipole reso-
nances under the critical coupling conditions. In view of the
hole period of deep subwavelength, the dipole resonances are
induced by the electric field. The critical angles increase slightly
as the size of hole becomes larger (from Fig. 5(b) to Fig. 5(d)),
which can be explained by the reduction of an effective opti-
cal conductivity for monolayer BP, as shown in equation (9).
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Fig. 6. Near-unity anisotropic infrared absorbance for unpatterned and pat-

terned BP monolayers under s-polarized light illumination. (a) Electric field
along the armchair direction. (b) Electric field along the zigzag direction. The
symbol n; denotes the n-type doping concentration of BP monolayer.

The extremely high anisotropic absorption in patterned BP is
attributed to the critical coupling as well as the mode of dipole
resonance. The energy dissipation on BP surface is determined
by not only the anisotropic infrared conductivities but also the
duty ratios. When the incident angles are changed to 85°, the
dipole modes are significantly weakened for duty ratios of 2/5
and 19/25, as observed in Fig. 5(b) and Fig. 5(d), respectively.
For an optimum duty ratio of 3/5, the dipole mode for the arm-
chair direction in Fig. 5(c) is still maintained with a relatively
high energy density on the BP layer, which is also originated
from a higher optical conductivity in the armchair direction.

With the aim of achieving extremely high infrared absorption
in unpatterned BP monolayers, one should use an incident angle
close to 90°, which might be too large and difficult in practical
implementation. Based on the analysis in Fig. 5, one can use
a smaller incident angle by adopting the patterned BP with an
optimized structure and increased optical conductivities by n-
type doping. By using 3 times of electronic doping with a duty
ratio of 3/5, an incident angle of 85° can be applied for near-
unity infrared absorption, as shown in Fig. 6(a) and Fig. 6(b).
The near-unity infrared absorbance ratios of 98.4% and 85.2%
are achieved in the armchair and zigzag directions, respectively,
which are comparable with the maximum absorbance ratios
of unpatterned structure. Compared with the patterned struc-
ture under critical coupling, the anisotropic absorption bands
are broadened and have a spectral shift due to the change of
the thickness of alumina. The near-unity infrared absorption is
due to the critical coupling and dipole resonance of a patterned
structure with a higher n-type doping. These results demonstrate
that one can achieve extremely high anisotropic absorption by
optimizing the nanostructure in combination with increasing the
n-type doping, because there is a limitation for higher doping
concentration in 2D materials.

IV. DISCUSSIONS AND CONCLUSIONS

In conclusion, based on the anisotropic properties of BP
monolayer, we derive the mathematical expression for its ex-
tremely high infrared absorption by the theory of critical cou-
pling theory, and further provide the physical insight by using
finite element simulations. The unpatterned and subwavelength-
patterned BP monolayers are investigated and compared. In ad-
dition to the critical coupling theory, a mode of dipole resonance
is illuminated for the extremely high infrared absorption in a pat-
terned structure. We perform a systematic study on the effects of
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dielectric layer thickness, n-type doping, duty ratio of nanoholes
and incident angles. The near-unity absorption is reached in not
only the unpatterned structure but also the patterned structure
by tuning these parameters. The monolayer BP with subwave-
length square nanoholes and optimized doping can achieve near
unity infrared absorption under a smaller incident angle. This re-
search pave the way for developing high-performance photonic
devices with strong infrared-BP interaction, and also provides
an efficient method to trap infrared light for other 2D materials
and related devices.
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