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We conduct a theoretical analysis of the massive and tunable Goos—Hénchen (GH) shift on a polar crystal covered with
periodical black phosphorus (BP)-patches in the THz range. The surface plasmon phonon polaritons (SPPPs), which are
coupled by the surface phonon polaritons (SPhPs) and surface plasmon polaritons (SPPs), can greatly increase GH shifts.
Based on the in-plane anisotropy of BP, two typical metasurface models are designed and investigated. An enormous GH
shift of about —7565.58 is achieved by adjusting the physical parameters of the BP-patches. In the designed metasurface
structure, the maximum sensitivity accompanying large GH shifts can reach about 6.43 x 108 g /RIU, which is extremely
sensitive to the size, carrier density, and layer number of BP. Compared with a traditional surface plasmon resonance
sensor, the sensitivity is increased by at least two orders of magnitude. We believe that investigating metasurface-based
SPPPs sensors could lead to high-sensitivity biochemical detection applications.

Keywords: Goos—Hinchen shift, black phosphorus, surface plasmon phonon polaritons, sensitivity, metasur-

faces
PACS: 42.65.-k, 81.05.Xj, 77.22.Ch, 07.07.Df

1. Introduction

Real light beams with finite lateral width reflected at di-
electric surfaces appear to be shifted in-plane and out-of-plane,
which is not entirely consistent with geometrical optics pre-
dictions. The Goos—Hiinchen (GH) shift!!! refers to the beam
shift parallel to the plane of incidence, while the Imbert—
Fedorov (IF) shift!?! refers to the beam shift perpendicular to
the incident plane. Artmann first theoretically described the
GH shift in the regime of classical physics in 1948.131 Op-
tical losses due to optical absorption or scattering cannot be
ignored in most materials, particularly metals. As a result, at
an ordinary dielectric interface, the GH shift will be the same
as the incident wavelength. The development of weak mea-
surement technology has expanded the GH shift’s potential
applications,[*! including the accurate measurement of opti-
cal properties.l! Several studies have been conducted on var-
ious dielectric surfaces to enhance the GH shift, such as the
metasurfaces, [©! topological insulators,[”! Weyl semimetals, 3!
and metamaterials (MMs),®!1% as well as two-dimensional
(2D) atomic crystals,/''l and so on. A structure known as
subwavelength gratings was recently used to improve the GH
shift.' Wu er al., for example, demonstrated massive GH
shifts in a compound grating waveguide structure that is aided
by bound states in the continuum (BICs).[!3-14]

Due to their special electronic and optical properties, 2D
atomic crystals have revealed a variety of physical phenomena
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since the discovery of graphene.!'3] The hyperbolic proper-
ties of graphene-based MMs can be achieved by adjusting the
chemical potential controlled by the gate voltage or the dop-
ing level.['8] As an alternative to graphene, black phospho-
rus (BP) has received more attention, showing extraordinary
potential in many applications, including photodetectors,!!”]
phase shifters,!'® and absorbers.!!”! Unlike graphene, BP pro-
cesses the puckered honeycomb lattice structure, resulting in
the significant in-plane anisotropy. Furthermore, BP has a di-
rect and layer-sensitive bandgap ranging from 0.3 eV to 2 eV,
making it a remarkable material capable of achieving a tun-
able optical response over a broad range of wavelengths. "]
It is worth noting that 2D BP monolayers have been used in
the development of polarization-sensitive broadband photode-
tectors, as well as traditional terahertz (THz) absorbers.[?!]
Motivated by the emergence of stacked 2D materials with a
twist angle, the spatial shifts of the reflective beam from the
hBN covered by a rotated BP layer are investigated.[??! Refer-
ence [23] investigated the spin Hall effect (SHE) on the surface
of a twisted few-layer BP film, and discovered that an in-plane
shift occurs and is sensitive to the twist angle. Surface plas-
mon polaritons (SPPs) can also be generated on the surface of
a 2D BP film, which makes it a viable option for designing
optoelectronic devices.**

Tonic crystals (ICs), which constitute the majority of polar

crystals, possess at least one reststrahlen band (RB) where the
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longitudinal and transverse components of permittivity have
the opposite sign.>>! The optical phonon mode of lattice vi-
bration in ICs strongly couples with electromagnetic waves to
form surface phonon polaritons (SPhPs) in the THz range. Un-
like photonic crystals and metamaterials, the excited SPhPs on
the surface of ICs can travel longer distances than SPPs due
to the much lower optical losses of ICs.!?%! In the infrared to
THz range, SPhPs can support sub-diffraction limited near-
field imaging, extraordinary transmission, and so on.[?”]

For conventional types of sensors that typically use no-
ble metal like gold or silver to improve sensor sensitivity, >8]
it is still a challenging to improve sensor sensitivity due to
the low binding ability of gold with biomolecules and the
poor chemical stability of silver in the air. Monitoring GH
shift signals by controlling the structural parameters and ma-
terial characteristics is an efficient way to realize the sensing
performance. Based on this concept, a sensor that works in
the THz range by measuring the GH shift effect is promised.
A new dissolved oxygen sensor based on surface plasmon
resonance (SPR) and GH shift has been proposed, where
the hemoglobin is immobilized on the sensor chip through

s.[291 A highly sensitive short-range

self-assembled monolayer
mode resonance sensor made of multilayer structured hyper-
bolic MMs with a maximum sensitivity of 330 pm/RIU in
the near-infrared band has recently been designed.3"! Refer-
ence [31] describes a graphene—MoS; heterostructure-coated
Au GH shift sensor with a sensitivity of 5.545 x 10° A9/RIU.
The sensibility of a bimetallic sensor based on graphene—hBN
heterostructure can be improved by enhancing the GH shift
in the infrared band, and a sensibility of 202 x 10° Ao/RIU
can be achieved.[*”] By precisely controlling the GH shift
in the graphene—substrate system at the optical communica-
tion band, Zhou et al. created a refractive index sensor with
adjustable sensitivity coefficient, which can be increased to
+1 x 10% 29/RIU by adjusting the Fermi energy.!*3] In this
work, we propose a metasurface structure made of polar crys-
tals with BP-patches. The properties of the metasurface can
be altered by adjusting parameters of BP-patches, such as in-
plane anisotropy, size, carrier density, and layer number. An-
other important feature is that the surface plasmon phonon po-
laritons (SPPPs) will be excited at the interface between the
BP-patches and the polar crystal, which is coupled by SPPs
in BP and SPhPs in the polar crystal.
that the generation of SPPPs is beneficial to enhance the spa-

It has been proven

tial shift.[3#33] Based on these advantages, the proposed novel
sensing method based on the enhanced GH shift exhibits su-
perior sensibility, namely, the maximum sensitivity is up to
6.43 x 108 Ao /RIU, which is almost two orders of magnitude
higher than the conventional sensor. We believe that this work
is conducive to the design of GH shift sensors in THz range,
and may also play an important role in highly sensitive detec-

tion.

This paper is organized as follows. Section 2 describes
the metasurface structure created by the BP-patches, ZnS crys-
tal, and sensor medium. Using the transfer matrix and equiva-
lent circuit models, we provide a theoretical analysis of the GH
shift and the proposed sensor device. Section 3 discusses how
numerical simulations are used to verify the accuracy of the-
oretical models and provide additional physical insights. Fi-
nally, we summarize our findings in Section 4.

2. Theoretical model and method

In Fig. 1(a), a hyperbolic metasurface based on BP-
patches is constructed. The thickness of IC is d and the pe-
riod of BP-patches is set to D along the x- and y-axes. A
sensing layer (SL) under the IC is utilized to detect the slight
changes in its refractive index based on the GH shift. L, and
L, indicate the lengths of the BP-patch along the x- and y-
directions, respectively. The case where the armchair (AC)
and the zigzag (ZZ) along the x- and y-directions is referred
to as the model-I. The model-1I is defined when the direc-
tions of the armchair and zigzag are switched, as shown in
Fig. 1(b). The corresponding equivalent circuit model is plot-
ted in Fig. 1(c). We assume that a radiation beam impinges
on the hyperbolic metasurface with incident angle 6. With the
help of Kubo’s formula, the Drude model of BP conductivity

can be described by
.2 2 .

O — 0;
oj=—— 15" l0(0—0)+=In ik
0)+1T]m]' 4h T a)+a)j
(J=xY), (1)

where ng is the carrier density, 17, m;, and s; represent the re-
laxation time, the effective mass of electrons, and the different
strengths of the interband component along the j direction, re-
spectively. ®; is the frequency of the interband transitions for
the j component. @ is the step function. It is worth noting
that the optical conductivity of an ultrathin BP film containing
several monolayers (N < 6) can be approximated as N Gj,l37l
where N represents the layer number of BP film. The dielec-
tric constant of the IC as the function of frequency is normally
expressed as!38!

(E—a)ff
fF-r-ift’

where &, and & are the high and low frequency permittivity,

@

& =¢6+

f1 is the transverse lattice vibration frequency, and 74 repre-
sents the damping of optical loss. The RB of IC is shown by
1 < f/fr < \/€/&, if the damping responsible for losses is
ignored. The dielectric constant of the SL can be

esL = (1.84An)%, 3)

where An refers to the change of refractive index of sensing
medium. 3!l Since the dimension of the unit-cell is assumed
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to be subwavelength, the surface with the patch-array can be
characterized by a homogeneous surface impedance. For TM-
waves, the surface impedance of BP-patches can be expressed
by [39]

D . Neft Ly

—igeE @)

1
Bp(®) = R+i( ) 2L,

oC Lyoy

where Negr = \/Uo/ (€0&fr) is the wave impedance of the uni-

form host medium. & indicates the effective permittivity of
the space surrounding the BP-patches. If the medium above
and below the BP-patches is air and IC, then the effective per-
mittivity can be expressed as &g = (1 + &)/2 as if the BP-
patches are immersed in an equivalent effective medium.[4°]
a is the grid parameter along the x-axis and can be expressed
by o, = # In(csc ng ). keff =
ber of the incident wave in the effective host medium. Ly, &,

/€ UoEefr 1s the wave num-

and kg are the permeability, permittivity, and the wave num-
ber in free space, respectively. The impedance represented in
Eq. (4) is considered as a series R—L—C circuit, where the first
impedance corresponds to the series R-L given by the prod-
uct of the surface impedance and the geometric factor D/L,.
The second term of the impedance corresponds to a capacitive
impedance associated with the BP-patch geometry and back-
ground environment. The characteristic impedance of the IC
or SL for TM-waves is determined by

zj(w)z%w/sj—sin%, (j=ICorSL). )
J

A serial relationship exists between the IC layer and the semi-
infinite SL, and the serial impedance is

Zs1 + iZjc tan(dic kIZC — kéL)

Zic + iZgy tan(dyc 4 / kIZC - k%L)

where k; = ®,/Hp&¢E; is the wave number of the incident
wave. Based on the above discussion, the hyperbolic meta-

Zzs = Zic (6)

surface impedance of the proposed ZnS—BP-SL structure is

calculated by*!)

Zio(0) = Zpp(®) || Zzs (@), (7N

and the symbol “||” represents the parallel relationship be-

tween Zgp and Z,;. The reflective coefficient is expressed by

_ Zin(@) —Zy

= 8
Ziot(0)+Zy’ ®

here the free space impedance for different incident angles is
given as Zy = mgcos 6, where 19 = 1207 is the plane wave

impedance in free space. The GH shift is then obtained by the

well-known result!*2

Ax = —%Im(

1 or

where Ay is the vacuum wavelength of the incident light. Obvi-
ously, the GH shift can reach a peak when the phase difference
experiences a sharp variation with the incident angle. Finally,
the phase (¢) and reflectivity (R) of reflection coefficient are
obtained from the formulae

¢ =arg(r), R=|r>. (10)

We define AGH as the change of GH shift with the changing
of the refractive index and An = 0.0002. Therefore, the sensi-

tivity can be defined as3?!
AGH
S = . 11
An 1)
(b) Armchair  Model-I
AT A 4"/

lz_. ) Zigzag Model-II
B AR )

(c)

ZZnS

Fig. 1. (a) Schematic diagram of the spatial shift on the metasurface
of BP-ZnS-SL. (b) Model-I is defined as the armchair (AM) direction
along the x-axis and model-II means the zigzag (ZZ) along x-axis. (c) The
equivalent circuit diagram of this structure.

3. Results and discussion

For subsequent theoretical and numerical calculations,
both the BP-patch period (D) and the thickness of ZnS (d)
are 500 nm, and L, and L, are fixed at 100 nm. Of course,
the structure parameters of BP can be adjusted to flexibly con-
trol the GH shift. The ZnS crystal is selected as an example
where fr = 8.22 THz, &, = 5.0 and & = 8.3.1*3] The damp-
ing of ZnS is supposed to be 7y = 3 cm~!. Figure 2 presents
the permittivity of ZnS versus the frequency. In the region
of fr < f < 1.2884 fr situated in the mid-infrared range, the
ZnS crystal possesses a negative permittivity which leads to
the hyperbolic properties. For the conductivity of BP, a partic-
ular set of parameters for model-I is used, namely, m, = 0.2mg
and my, = 0.7mg (my is the static electron mass), 11 = 0.01 eV
o, =1.0eV, s, = 1.7, ® = 0.35 eV, and s, = 3.7.14 For
model-II, we only need to exchange the electron mass along x-
and y-directions. The real and imaginary parts of BP conduc-
tivity as a function of the frequency under the different ng are
illustrated in Fig. 3. At f = 38.48 THz, a transition takes place
for the real part of cac and a dip is observed for the imaginary
part. It is well-known that the BP exhibits the strong struc-
ture anisotropy, which means that the puckered lattice results
in two inequivalent directions in-plane. As a result, the transi-
tion point for the real part of 67z occurs at about 13.74 THz,
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which is close to the RB of ZnS. In addition, the values of con-
ductivity increase with the increasing ng. The electromagnetic
response of the anisotropic 2D material is normally classified
into two district regions. In the lower frequency region, the
conductivity is considered as a pure Drude type, where the
in-plane anisotropy results from the effective mass of the elec-
trons traveling in various directions. Yet, the contribution from
interband electron transitions may become dominant at higher
frequencies. In the following discussions, we mainly focus on
the two typical models.

50
25}
) g
_25 L
_50 L
300f(b)
200}

Re(ezns)

m(ezng)

100

I

12 15

Fig. 2. (a) Real and (b) imaginary parts of permittivity of ZnS slab versus
frequency. The colored region indicates the RB.
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f (THz) f (THz)

Fig. 3. Conductivity of BP as a function of the frequency under the dif-
ferent ng and the transition occurs at (a) f = 38.48 THz for cac and (b)
f =13.48 THz for o77.

The relative impedance and the GH shift versus the fre-
quency at N = 1 and ng = 1.0 x 10'3 cm~? are presented in
Fig. 4. For model-I shown in Fig. 4(a), the relative impedance
amplitude undergoes two transitions located in the lower and
higher frequency regions, respectively. The first transition oc-
curs at 11.2 THz, which is just close to the right boundary of
the ZnS’s RB (see Fig. 2). The other transition near 38.48 THz
should be caused by the BP layer if we check its conductiv-
ity. An obvious GH shift is observed near the first transition
at f = 11.12 THz where the impedance approaches to zero,
as shown in Fig. 4(b). As a result of the zero reflection (see
Eq. (8)), the incident angle will be close to the Brewster angle.

When the BP’s zigzag direction is rotated to the direction of

the armchair, only a transition in the lower frequency region
is preserved and shifts from the higher frequency to the lower
frequency, as illustrated in Fig. 4(c). The inset in Fig. 4(c)
also indicates that the significant GH shift normally is excited
near Brewster angles, as shown in Fig. 4(d). It is reasonable to
predict that the impedance transition is the result of the joint
action of BP and ZnS. The in-plane anisotropy of BP will play
a crucial role in the generation of large GH shifts.

300 : :(a) Model-I 300}(c) : Model-IT

|

_ s , S I :
N (| 38 N 115 |
L1501 36 L |1.o\/|
3 o 2 10-5) |
Ny ol 34 I \ N 100 0 A
L 3536 37 38:39 = 113.50 13.65 13.80\ |

0 . 0

180t T(b) | (d)

—0.12 +

] []
I I
: —0.14 :
90 1
3 || —0.18 3 |
4 N 4

3536 37 38.39 40 -~

I

I

I I

1 12 13 14 15
f (THz)

10 15 20 25 30 35 40 10 1
f (THz)

Fig. 4. Impedance of the BP—ZnS—SL structure and the GH shift versus
the frequency at N =1, ng = 1.0 X 108 em 2, L, = y =100 nm and (a)
6 = 60.89° for model-I, (b) 6 = 60.91° for model-II.

108 (a) B Model-I

=] 13 -2
< _ —np=1X10"" cm

= 100 —np=3%X10!% cm—2

5 —200 —np=>5%10"2 cm 2

—300 —np="TX10"% cm™2

2
>0 —
= S

—4
60.6 60.7  60.8 60.9 61.0 61.1 61.2
6 ()
Fig. 5. Variation of (a) GH shift, (b) reflectivity and (c) phase with re-
spect to angle of incidence under different ng at f = 13.74 THz, N =1
and Ly = L, = 100 nm for model-I.

Next, we investigate the regulation of BP on the GH shift
by varying the carrier density, layer number, and size of BP.
At first, we consider the effect of ng on the GH shift since it is
easily controlled by changing the gate voltage. For model-
I, the GH shift, reflectivity, and phase with respect to 8 at
13.74 THz are presented in Fig. 5. With the increasing of
np, the GH shift turns from the positive to the negative one,
and a large GH shift about Axp,, ~ —378.984¢ is obtained
at ng = 3 x 101 cm~2. The lowest points of reflectivity are
closer to zero and the phase becomes sharper, indicating that

the incident angle is located near the Brewster angle, i.e.,
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0 = 60.89°. As np increases further, the GH shift decreases
rapidly and maintains a relatively stable value about —73.7 ¢
when ng > 7 x 10'3 ¢cm™2. On the other hand, the GH shifts
at f =11.2 THz and 38.48 THz (see Fig. 4(b)) are very small,
while it has been proven that the GH shifts are independent of
ng. For model-11, figure 6 illustrates the variation of GH shift,
reflectivity, and phase with np at the two special frequencies
(see Fig. 4(c)), respectively. For both cases, the maximum val-
ues of GH shift are obtained at ng = 1 x 10" cm~2 and rapidly
decrease with the increasing of ng. In Fig. 6(a), the corre-
sponding Brewster angle is fixed at & = 61.21°. However, in
Fig. 6(b), the GH shift exhibits the red shift phenomenon as ng
increases, resulting in the different Brewster angles for each
curve. Moreover, the phase curve is steeper, implying that the
conditions for obtaining a larger GH shift are relatively more
stringent. These findings confirm the validity of regulating GH
shift via gate voltage, which may provide an effective way to
flexibly increase the GH shift, leading to the optimum sensi-

tivity of the structure.

400

225} (a) —np=1x10" cm~? (b) Model-IT
- —ng=3X10" cm~? 300 _
< 150 —np=5x10"% cm™2 <
) —np=7X10" cm=2 200 &
<d 75 . <
ng=9x10"* cm 3 100
.
o _////::V_ 0
5
1.6 /
4
~ 1.2 —~
z / 3 @
S 0.8 5 =
= 0.4 1 =
0 0
0 \ 3
9 1.5 2 9
1
0
0

61.0 61.1 612 61.3 614 61.560.6 60.8 61.0 61.2 614
0 () 0 ()

Fig. 6. Variation of GH shift, reflectivity, and phase with respect to angle
of incidence under different ng at (a) f = 11.12 THz, (b) f = 13.609 THz,
N =1and L, = Ly = 100 nm for model-II.

The effect of layer number N of BP film on the GH shift
is investigated further, and the maximum values of GH shift
are screened out by precisely adjusting the size of BP while
remaining ng = 3 x 10'3 cm™2. We limit L, and L, to vary
from 10 nm to 500 nm. Figure 7(a) depicts the maximum GH
shift caused by a blue shift at f = 11.2 THz if N < 5, resulting
in different Brewster angles for each GH shift. The largest GH
shift is found at N = 3, which is about —7565.58A. It can also
be seen that the size of BP required to obtain the maximum
GH shift should satisfy the condition of Ly > Ly. In the inset
of Fig. 7(a), we present the distribution of the electric field at
the maximum GH shift by using Comsol Multiphysics soft-
ware. The localization effect is clearly visible on the edges of
the BP-patches. Figure 7(b) demonstrates that large GH shift
is found at the small size of BP-patch when f = 13.74 THz,

such as, Axmax = 3150.76A¢ at L, = 11 nm, L, = 357 nm and
N = 2. Unlike Fig. 7(a), the Brewster angle is normally fixed at
60.889° and the length of BP satisfies L, < L,. Since L, < D
the interaction between the BP-patches obviously disappears,
as shown in the inset of Fig. 7(b). The stronger light local-
ization only exists around each BP-patch. Finally, figure 7(c)
plots the GH shift versus the incident angle at f = 38.48 THz.
It is apparent that when N > 2, the GH shift becomes negative
and increases with the increase of N. The largest GH shift can
be obtained at N = 5 and the BP-patch is close to the square.
Although the interaction between the adjacent BP-patches is
clearly enhanced compared to Fig. 7(b), the GH shift is re-
duced due to the overall reduction of the optical localization.
To summarize, if a large GH shift is pursued, then we should
consider the optimum combination of BP-patch size and layer
number given in Fig. 7(a). However, if a small BP-patch size is
expected, then we have to sacrifice the GH shift and consider
the recommended dimensions in Fig. 7(b).
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5000  (a) Model-I —L, =420 nm, L, =100 nm, N=2
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P 2500 —L,=233nm, L, =100 nm, N=4
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—L,=11lnm, L, =178 nm, N=4

|E|(V/m) x10"
]
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.\ 14
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—1000 V4
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1500l L.=331 nm, L, =301 nm, N=5 / iy
—2000

Fig. 7. Maximum of GH shift under the different size of BP and layer
numbers at ng = 3.0 x 1013 ecm™2, and (a) f = 11.12 THz, (b) f =
13.609 THz, and (c) ng = 1.0 x 10'3 cm~2, f = 38.48 THz for model-I.
The insets show the distributions of electric fields for the maximum GH
shifts.

For model-II, according to the discussion in Fig. 6 we fix
ng = 1 x 10'3 cm~2 and further adjust the size and layer num-
ber of BP to obtain the maximum of GH shift, as illustrated in
Fig. 8. At f =11.12 THz in Fig. 8(a), the GH shift presents a
red shift phenomenon and changes from positive to negative.
The maximum GH shifts achieve at N = 1 when L, = 191 nm
and Ly, = 10 nm. The Brewster angle for each GH shift also
drifts to the right as N increases. In addition, L, > L, if the
maximum GH shift is desired. The strength and distribution
of the electric field are presented in the insets. For the case at
f=13.609 THz shown in Fig. 8(b), the Brewster angle is fixed
at 6 =~ 60.91° independent of N. In addition, when L, ~ L, and
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N =1 the GH shift is largest. However, once N > 1, the con-
dition Ly > Ly has to be selected to obtain the maximum value
of GH shift. Compared with Fig. 8(a), the maximum value of
GH shift is relatively smaller, which may be understood if we
carefully examine the strength of the electric field shown in
the inset of Fig. 8(b). Based on the above discussion, the large
GH shift can be realized by artificially designing the size and
the layer number of the BP-patch in the actual device fabrica-
tion. BP is a 2D anisotropic material, which can be deposited
on the surface of ZnS by the chemical vapor deposition (CVD)

technique!*! and molecular beam epitaxy (MBE). [46]
4500
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30001 V) <10
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o 1500 — i
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Fig. 8. Maximum of GH shift under the different size of BP and
layer numbers at ng = 1 X 103 cm~2, and (a) f=11.12 THz and (b)
f =13.609 THz for model-II. The insets show the distributions of elec-
tric fields for the maximum GH shifts.
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Fig. 9. Highest sensibility with the largest GH shift for the different layer
numbers of BP. The refractive index varies from 1.75 RIU to 1.85 RIU.
The other parameters are the same as in Figs. 7 and 8 for the different
models, respectively. The inset in panel (c) shows the S is very small at
N=1.
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Finally, based on the controllable GH shift, the possibil-
ity of its application in sensors is discussed. We use a sen-
sitivity factor S to characterize the performance of the sen-
sor. Both the layer number N and carrier density ng of the
BP film greatly determine the GH shift. Therefore, the con-
trol variable method is used to analyze the performance of
the sensor based on GH shift under the different N and ng
at Brewster angles. The highest sensibility with largest GH
shift (see Figs. 7 and 8) is sought when the refractive index
varies from 1.75 RIU to 1.85 RIU with a scanning interval of
0.0002. Thus, it will make the detection of GH shift more
accurate and convenient, and the sensitivity of the sensor can
be improved correspondingly. The condition to produce the
highest sensitivities under the different N is shown in Fig. 9,
and the other parameters, including the size of the BP film, the
carrier density, and the frequency, are the same as Fig. 7 for
the model-I and Fig. 8 for model-II, respectively. The varia-
tion of the refraction index for each S is indicated at the top
of the bars. The sensibility S corresponding to the GH shift
in Figs. 7(a) and 8(a) is presented in Fig. 9(a). The maximum
value of S can reach 3.95 x 107 Ag/RIU at N = 2 for model-I
and 1.62 x 107 29/RIU at N = 1 for model-II. Moreover, the
order of magnitude of S remains 107 g /RIU for both models,
with only a little difference when N > 2. Figure 9(b) presents
the largest sensibility related to the GH shift in Figs. 7(b) and
8(b). It can be seen that the sensibility at N = 2 can reach
about 1.5 x 107 Ag/RIU for model-I and 1.72 x 107 Ao/RIU
at N = 4 for model-II. Compared with Fig. 9(a), the sensibil-
ity is obviously smaller. In particular, the smallest S is about
7.78 x 10° 29/RIU at N = 5 for model-II. Finally, we check
the sensibility at f = 38.48 THz only for model-I related to
Fig. 7(c). As shown in Fig. 9(c), the largest sensibility will
reach 8.36x10° Ao/RIU at N = 5, which is smaller than the
largest ones obtaining for the other two frequencies by an or-
der of magnitude. The inset gives the sensibility S for N = 1
although the GH shift is not shown in Fig. 7(c). It is clearly
seen that the order of magnitude of the corresponding S is
107 A9/RIU, which may imply that a small GH shift has the
potential to accompany a small sensitivity S. To summarize, it
can be deduced that not only large GH shifts but also the flex-
ible adjustment of sensibility are achieved in the BP—ZnS—SL
sensor. It is noteworthy that the carrier density np has a great
influence on GH shift, which can be easily controlled by the
external field. Thus, we will consider the sensibility regulation
of ng when the proposed structure is applied to the sensor.

Based on the simulation results with N, we investigated
the effect of ng on the sensibility, as shown in Fig. 10. The
physical parameters are same as those in Fig. 9, including the

selection of the refraction index for each curve. In general,
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the S of model-I is higher than that of model-II, which can be
the order of 108 Ay /RIU; for example, S = 6.43 x 10% Ay /RIU
at N =5, ng =2.98 x 103 cm~2 and f = 11.2 THz as well
as S =5 x 108 A9/RIU at N = 4, ng = 0.997 x 10'3 cm~2,
and f = 38.48 THz. It can be seen from the above discussion
that the precise control of the carrier density helps to obtain
the higher sensibility in BP-ZnS—SL sensor. Compared with
that in the symmetrical graphene-cladding waveguide and in a
graphene-hBN heterostructure,3?! the sensibility obtained in
the BP-ZnS—SL metasurface structure is enhanced at least two
orders of magnitude, which suggests the potential application
of sensors based on the GH shift in THz range.

S 28L ModelII || Model-T
S o =P
~ 1 —N=
0 —N=2
S —1.3t ' —N=3
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n —6.4f(a) . H . . N=5
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= X
~ 1
< 0 —— T
- I = T
S X |
» —6-6F (b) o N .
1.00 2.50 3.00
5 48 ' Model-T
3 g ) =
3 —
0
=
Z ~1.0
() . .
0.996 0.998 1.000

ng (10 cm™2)

Fig. 10. Sensibility versus np for the different layer numbers based on
Fig. 9.

4. Conclusion

In conclusion, we propose a strategy to achieve tunable
and larger GH shifts with the high sensibility in THz range
via the excitation of SPPPs based on the BP-ZnS—SL meta-
surface structure. Under different N, the largest GH shifts are
predicted by dynamically adjusting the BP-patch size and the
electron doping level. A comparison was made for the GH
shift between model-I and model-II near the RB of ZnS and
the transition of BP’s conductivity. It has been demonstrated
that the largest GH shift can reach about —7565.58 A at f =
11.2 THz and 8 = 61.095° when N = 3, ng =3 x 10'3 cm 2,
L, =308 nm and L, = 100 nm for model-I. The localized elec-
tric field around BP-patches can enhance the GH shift signif-
icantly. As a SPPP sensor based on the changing GH shift
in THz range, the sensibility can reach at 6.43 x 108 1/RIU
when the index refraction of the senor medium is in the range
of 1.75 RIU-1.85 RIU and the scan interval is 0.0002. The

sensibility is at least two orders of magnitude larger than that
of the conventional SPR sensor, which is extremely sensitive
to the parameters of BP, including the size, carrier density, and
the layer number near Brewster angles. These findings can
serve as a theoretical foundation for designing SPPP sensors
with high sensibility accompanied by a large GH shift in THz
frequency.
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