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ABSTRACT. Although black phosphorous (BP) is a promising two-dimensional material for next-
generation infrared (IR) photodetectors, enhancing its quantum efficiency remains
challenging. We propose a hybrid BP/plasmonic nanograting with a narrow width
and a high-depth groove system to address this challenge. The absorption proper-
ties of BP formed on plasmonic nanograting systems with two configurations,
namely, an armchair edge normal and parallel to the groove direction, were numeri-
cally investigated. These systems demonstrated polarization-selective, wide-angle,
near-unity absorption in the IR-wavelength region, and the absorption wavelength
was controlled primarily by the groove depth. The BP induced a blue shift of the
absorption wavelength, and the wavelength shift was larger for the armchair edge
that was normal to the groove direction than that parallel to the groove direction.
These results can be attributed to the coupling between the anisotropic surface plas-
mon resonances of BP and the plasmonic nanogratings. Moreover, this wavelength
shift was enhanced by an increase in the carrier density of BP. The BP carrier den-
sity can be controlled by its electrical gating. This implies that the detection wave-
length can be controlled by electrical gating of the BP. These systems can contribute
to the development of high-performance BP-based polarization-selective and/or
wavelength-tunable advanced IR photodetectors.
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1 Introduction
Atomically thin two-dimensional (2D) materials such as graphene,1,2 hexagonal boron nitride,3,4

transition-metal dichalcogenides,5 and black phosphorous (BP)6,7 have attracted significant atten-
tion for use in optical devices such as photodetectors, which operate in various wavelength regions.
Graphene demonstrates significant potential for use in high-performance photodetectors.8–11

However, graphene is a semi-metal with no bandgap, thus resulting in a large dark current and
poor photodetector performance. BP is a 2D semiconductor with a layer-number-dependent direct
bandgap that approximately corresponds to the middle-to-long wavelength infrared (IR) region,
high carrier mobility, and high carrier density.7 Moreover, BP exhibits a polarization dependence
based on its in-plane anisotropy, which can result in unique polarization-dependent optical proper-
ties. Therefore, numerous studies have been conducted to develop high-performance BP-based IR
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photodetectors by exploiting the unique properties of BP.12–15 However, the inadequate quantum
efficiency of BP is a critical limitation to overcome.

To address this challenge, the integration of BP with plasmonic nanostructures16–18 or the
formation of plasmonic structures on BP, e.g., BP-based nanoribbon,19–21 are potential strategies.
However, in the latter case, forming BP into a nanoribbon structure may induce defects that
reduce the crystal quality of BP and, subsequently, lower the BP-based photodetector perfor-
mance. Therefore, the former strategy was adopted in this study. Plasmonic nanostructures such
as one-dimensional (1D) plasmonic gratings,22,23 2D plasmonic crystals,24 metal-dielectric-
metal,25,26 bow-tie antennas,13 and 3D metallic structures27 can produce surface plasmon reso-
nances (SPRs) and couple them with BP, which enhances the absorption of BP at the SPR wave-
length. Furthermore, the asymmetric structure of plasmonic nanostructures induces polarization
selectivity.28 The hybrid plasmonic metasurface and BP can lead to unique phenomena related to
light–matter interactions.29

In this study, a hybrid BP/plasmonic nanograting system was proposed to realize high-
performance BP-based IR photodetectors. One-dimensional plasmonic nanogratings with
high-aspect ratios, where the ratio of the depth and width of grooves is approximately larger
than 10, exhibit incident-angle independence and strong near-unity absorption in the IR-wave-
length region owing to localized SPR (LSPR). This absorption is determined only by the grating
depth.30–34 Conventional gratings exhibit strong incident angle dependence characteristics, and
their absorption wavelengths depend on various parameters such as the grating period, width, and
depth. Therefore, the plasmonic nanogratings have several advantages, such as the incident angle
independence, and absorption wavelength tunability only as a function of the grating depth with
strong absorbance (almost equal to unity). These properties are advantageous for various appli-
cations, such as IR photodetectors and IR absorbers/emitters. Therefore, hybrid BP/plasmonic
nanogratings are expected to provide fundamental insights into the development of high-
performance BP-based IR photodetectors, in addition to unique physics, given that both BP and
plasmonic nanogratings exhibit anisotropy in terms of their structures and optical properties. The
polarization-dependent absorbance of BP on plasmonic nanogratings was theoretically investi-
gated using the rigorous coupled-wave analysis (RCWA)35 method based on the anisotropic per-
mittivity of BP. The optical interaction between the BP and plasmonic nanogratings was
investigated according to the configuration of the anisotropic edge structure of the BP in the
groove direction of the plasmonic nanogratings, which is defined as the direction normal to the
pitch direction on the plasmonic nanograting surface. Furthermore, absorption modulation by the
carrier density of BP was investigated. The obtained results demonstrate that anisotropic absorp-
tion occurs, as determined by the configuration of the edge structure of BP and the groove direc-
tion, and the modulation can be controlled by the carrier density of BP. This is direct evidence of
the anisotropic coupling of SPRs between the BP and the plasmonic nanogratings.

2 Materials and Methods

2.1 Materials
Figure 1 presents a schematic of monolayer BP. As shown in Fig. 1, BP has an asymmetric edge
structure with an armchair edge and a zigzag edge in the X- and Y-directions, respectively.

Therefore, the permittivity of BP is anisotropic, as expressed by Eq. (1):

EQ-TARGET;temp:intralink-;e001;114;208ϵj ¼ ϵr þ
iσj
ϵ0ωd

; (1)

where ε0 is the permittivity of free space, ω is the angular frequency, d is the thickness of BP, j
denotes either the x-, y-, or z-directions, εr ¼ 5.76,36 and σj is the asymmetric surface conduc-
tivity of BP. The in-plane (stacking direction) surface conductivity σz is close to zero.

The surface conductivity of BP, as calculated using the semiclassical Drude model, is
expressed as follows:37–39

EQ-TARGET;temp:intralink-;e002;114;112σj ¼
iDj

π
�
ωþ iη

ℏ

� ; Dj ¼
πe2n
mj

; (2)
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whereDj is the Drude weight, η is the relaxation rate, n is the electron doping density, and e is the
elementary charge. The parameter mj denotes the electron mass in the X- or Y-directions and is
given by Eq. (3)38,39

EQ-TARGET;temp:intralink-;e003;117;532mx ¼
ℏ2

2γ2

Δ þ ηc
; my ¼

ℏ2

2υc
: (3)

In the case of monolayer BP,38,39

EQ-TARGET;temp:intralink-;e004;117;481γ ¼ 4a
π

eVm; ηc ¼
ℏ2

0.4m0

; νc ¼
ℏ2

1.4m0

: (4)

The following values were used in these equations to obtain the anisotropic permittivity of
BP: lattice constant a ¼ 0.223 nm, bandgapΔ ¼ 2 eV,m0 ¼ 9.10938 × 10−31 kg, electron dop-
ing n ¼ 3.0 × 1013 cm−2,39 and η ¼ 10 meV. For the monolayer BP, d ¼ 1 nm.

2.2 Device Structures
We considered two types of device structures to investigate the effect of the anisotropic edges of
BP. Figures 2(a) and 2(b) present schematics of the monolayer BP on the plasmonic
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Fig. 1 Schematics of monolayer black phosphorus (BP) with armchair edge and zigzag edge.
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Fig. 2 Schematics of monolayer BP on a plasmonic nanograting with armchair and zigzag edges
(a) in X - and Y -directions (BP-PN-A) and (b) in Y - and X -directions (BP-PN-B). (c) Schematic of
the unit cell in the XZ plane used for calculations.
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nanogratings, where the armchair and zigzag edge structures are oriented in the X- and Y-direc-
tions and the Y- and X-directions, respectively. In this study, the groove direction was defined as
the Y-direction. Herein, the former and latter structures are referred to as “BP-PN-A” and “BP-
PN-B,” respectively. The plasmonic nanogratings were based on Au.

The width, depth, and period of the grooves were defined as w, d, and p, respectively, and w
and p were fixed at 100 nm and 3.0 μm, respectively. The design parameter of the plasmonic
nanogratings used in this study was determined by considering the fabrication procedure because
the construction of plasmonic nanogratings with high-aspect ratios (≥10) is difficult when con-
ventional metal grating fabrication methods are used. We have demonstrated in a previous study
the implementation of a plasmonic nanograting with w ¼ 100 nm, d ¼ 1.5 μm, and p ¼ 3.0 μm
using the tapered mold method.33 Therefore, these values were mainly used in this numerical
study. BP can be transferred on the plasmonic nanograting by using the dry transfer method
(also used for graphene).40 The incident light is indicated by a solid blue arrow in Fig. 2(a).
The incident angle and polarization angle were defined using the symbols θ and α, respectively.

3 Results and Discussion
The absorption properties were calculated using the RCWA method. The permittivity of BP was
obtained using Eqs. (1)–(4). The permittivity of Au was obtained from a previous study.41

The polarization of the transverse magnetic (TM) mode with an α value of 0 deg was only con-
sidered in this study because the absorption of 1D plasmonic nanogratings is nearly zero for the
polarization of the transverse electric (TE) mode with an α value of 90 deg.33 The unit cell used in
the calculation is shown in Fig. 2(c). As indicated, the unit cell is based on a three-dimensional
(and not a two-dimensional) structure owing to the asymmetric structure of the BP in the XY
plane. Hence, the variable pwas used to define the unit sizes in both the X- and Y-directions. The
unit size in the Z-direction was set at dwith a distance of 2.5 μm above the top part of the groove,
and a distance of 1.0 μm from the bottom part of the groove to the bottom part of the grating,
which was adequately thick to block transmission. It was confirmed that the calculated absorp-
tion spectra do not change when the number of spatial harmonics is greater than nine, and the
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Fig. 3 (a) Calculated absorbance spectra with d ¼ 1.5 μm for PN without BP, BP-PN-A, and BP-
PN-B. Calculated absorbances as a function of wavelength and d for (b) PN without BP, (c) BP-
PN-A, and (d) BP-PN-B. The color scale represents the absorbance.
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calculated results are consistent with the experimental results.33 Therefore, 10 spatial harmonics
were used for RCWA calculations.

3.1 Effects of Anisotropic Edge Structure of BP on Absorption
Figure 3(a) presents the calculated absorbance spectra for BP-PN-A, BP-PN-B, and the plas-
monic nanograting without BP (PN without BP), with d ¼ 1.5 μm. Figures 3(b)–3(d) present
the calculated absorbances as functions of the wavelength and d for PN without BP [Fig. 3(b)],
BP-PN-A [Fig. 3(c)], and BP-PN-B [Fig. 3(d)]. Figures 3(b)–3(d) present the contour maps,
where the absorbance increases from 0 to 1.0, corresponding to the color change from black
to yellow.

Figure 3 reveals that a strong unity absorbance of over ∼90% was obtained for all the struc-
tures, and the absorption wavelength was nearly proportional to d.33 These characteristics can be
mainly attributed to the LSPRs of the plasmonic nanogratings in the groove depth direction of the
Z-axis. Figure 3(a) indicates that the maximum absorption wavelength exhibits an anisotropic
shift from a wavelength of 8.60 μm to either 8.40 μm or 8.55 μm in the BP-PN-A and BP-PN-B
cases, respectively. This is because LSPRs were induced by the plasmonic nanograting coupled
with the anisotropic SPRs of BP to produce anisotropic wavelength shifts. Figures 4(a)–4(c)
present the calculated absorbances as a function of wavelength and θ for PN without BP
[Fig. 4(a)], BP-PN-A [Fig. 4(b)], and BP-PN-B [Fig. 4(c)], respectively.

Figure 4(a) reveals that the plasmonic nanograting has a unique absorption property of inci-
dent-angle independence. Figures 4(b) and 4(c) reveal that such incident-angle independence was
maintained, even with BP forming on the plasmonic nanogratings. However, the maximum
absorption wavelength was shifted according to the anisotropic edge structures of the BP.
These results reveal that hybrid BP/plasmonic nanograting systems produce incident-angle-
insensitive and near-unity absorption in the IR wavelength region (which can only be determined
by d) and modify the absorption wavelength by the configuration of the anisotropic edge of the
BP and the groove direction. This can be attributed to the strong coupling of the SPRs of both the
plasmonic nanogratings and BP.

3.2 Tunable Absorption Wavelength by Carrier Density of BP
The effect of carrier density n was investigated. In this section, an increased value of n ¼ 1.0 ×
1014 cm−2 was used. Figure 5(a) presents the calculated absorbance spectra of BP-PN-A, BP-
PN-B, and PN without BP with d ¼ 1.5 μm. Figures 5(b) and 5(c) present the calculated
absorbances as functions of the wavelength and d for BP-PN-A and BP-PN-B, respectively.

Figures 6(a) and 6(b) present the calculated absorbances as a function of wavelength and θ
for BP-PN-A and BP-PN-B, respectively.

Figures 5 and 6 reveal that the absorption wavelength is proportional to d, and the absorption
wavelength is independent of the incident angle. As shown in Fig. 5(a), the maximum absorption
wavelength shifted from 8.60 μm to 8.00 μm and 8.30 μm in the BP-PN-A and BP-PN-B cases,
respectively. The absorption wavelengths decreased following an increase in n from
3.0 × 1013 cm−2 to 1.0 × 1014 cm−2. These results provide direct evidence of the coupling of
LSPRs by the plasmonic nanogratings and SPRs of BP, given that the SPR wavelength shifted
to smaller wavelengths at increased n values, which increased the Drude weight, as described in
Eq. (2);16,17 moreover, the SPRs of the armchair edge in the X-direction were stronger than those
of the zigzag edge in the Y-direction.19
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Fig. 4 (a) Calculated absorbances as a function of wavelength and θ for (a) PN without BP,
(b) BP-PN-A, and (c) BP-PN-B. The color scale represents the absorbance.
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Figures 7(a)–7(c) present the electric field distributions at a wavelength of 8.00 μmwith d ¼
1.5 μm for BP-PN-A [Fig. 7(a)], BP-PN-B [Fig. 7(b)], and PN [Fig. 7(c)] without BP, respec-
tively. As shown in Fig. 5(a), the maximum absorption was observed for BP-PN-A at a wave-
length of 8.00 μm. It should be noted that the grating regions were masked to ensure visibility.

As shown in Figs. 7(a)–7(c), strong LSPR occurs in the groove of BP-PN-A, which is a
unique characteristic of plasmonic nanogratings. However, the electric field enhancements in
BP-PN-B and PN without BP were weaker than those in BP-PN-A. The order of enhancement
corresponded to the absorbances shown in Fig. 5(a). It is difficult to determine the absorption
percentages of BP and plasmonic nanograting. However, these results show that BP contributes
to absorption and that the absorption of BP can be enhanced compared with that of BP without
plasmonic nanogratings. Moreover, the electrical field was strongly localized on the BP within
the small groove width of 100 nm. The localization area is smaller than the incident wavelength
by a factor of >80. This localization profile can realize higher performance BP-based IR photo-
detectors with extremely small detector sizes because the dark current can be reduced consid-
erably as the detector size decreases. Although the unique absorption characteristics of plasmonic
nanogratings, such as absorption wavelength control by d and incident-angle insensitivity, can be
maintained in hybrid BP plasmonic nanograting systems, the coupling of SPR between the plas-
monic nanograting and BP can be tuned by the edge of the BP configuration and n.

4 Conclusions
In this study, hybrid BP and plasmonic nanograting systems were numerically investigated.
Polarization-selective near-unity absorption with an absorbance of >90%, incident-angle insen-
sitivity, and wavelength control of d was demonstrated. The absorption of BP can be enhanced
compared with that of BP without plasmonic nanogratings by strong LSPRs induced within a
small groove area. Moreover, the configuration of the edges of BP, e.g., the armchair and zigzag,
in the groove direction can modify the absorption wavelength because BP produces anisotropic
SPRs according to its anisotropic edge structure. The asymmetric edge structure of the BP and
asymmetric plasmonic nanogratings produce the asymmetric SPR coupling. This shows the
unique aspect of the light–matter interaction based on the asymmetric atomic bonds and bulk
structure. The absorption wavelength decreased owing to the effect of BP, and the wavelength
shift was larger for the armchair edge normal to the groove direction than that for the zigzag edge
normal to the groove direction. The wavelength shift could be controlled by n. The absorption
wavelength shortened following an increase in n. Moreover, n could be controlled by the elec-
trical gating of the BP, which implied the tunability of the detection wavelength by the electrical
gating of the BP. These results can be attributed to the anisotropic SPR coupling between BP and
the plasmonic nanogratings. The proposed methodology can therefore contribute to the develop-
ment of high-performance BP-based polarization- and wavelength-selective IR photodetectors
and enhance the advanced function of electrical tunability of the detection wavelength.
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