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The photonic spin Hall effect (PSHE), characterized by two splitting beams with opposite spins, has great potential
applications in nano-photonic devices, optical sensing fields, and precision metrology. We present the significant enhance-
ment of terahertz (THz) PSHE by taking advantage of the optical Tamm state (OTS) in InSb-distributed Bragg reflector
(DBR) structure. The spin shift of reflected light can be dynamically tuned by the structural parameters (e.g. the thickness)
of the InSb-DBR structure as well as the temperature, and the maximum spin shift for a horizontally polarized incident
beam at 1.1 THz can reach up to 11.15 mm. Moreover, we propose a THz gas sensing device based on the enhanced PSHE
via the strong excitation of OTS for the InSb-DBR structure with a superior intensity sensitivity of 5.873× 104 mm/RIU
and good stability. This sensor exhibits two orders of magnitude improvement compared with the similar PSHE sensor
based on InSb-supported THz long-range surface plasmon resonance. These findings may provide an alternative way for
the enhanced PSHE and offer the opportunity for developing new optical sensing devices.
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1. Introduction
It is well known that left- and right-handed circularly

polarized components can split transversely perpendicular to
the incident plane when a linearly polarized beam propagates
through inhomogeneous media, due to spin–orbit interaction
of photons. This phenomenon is called the photonic spin
Hall effect (PSHE), and it was firstly proposed by Onoda et
al. in 2004.[1–3] PSHE can be considered as an optical ver-
sion of spin Hall effect in electronic systems, where the roles
of spin electrons and electric potential are replaced by spin
photons and refractive index gradient, respectively.[1,2] Ow-
ing to its physical interest and potential applications in pre-
cision metrology, quantum information, and optical devices,
PSHE has drawn significant attentions since its discovery. Un-
til now, the reported applications of PSHE have covered vari-
ous fields, such as biosensing,[4] real-time detection of chem-
ical reaction rates,[5] and one-dimensional edge detection.[6]

However, PSHE is generally a tiny phenomenon with the cor-
responding spin shift of only subwavelength scale, which se-
riously hinders its widespread applications. Several proposals
have been put forward to enhance PSHE, based on the Brew-
ster angle,[7] surface plasmon resonance (SPR),[8] inhomo-
geneous metamaterials,[9] and so on.[10–12] Nevertheless, the
enhancement and dynamical modulation of PSHE remain an
open challenge, highly desirable for its importance in modern

optics.
The optical Tamm state (OTS), a new kind of surface

wave confined at the interface between two different media,
is an optical analogue of electronic Tamm state at crystal
boundaries.[13] The OTS manifests itself as a narrow reso-
nance in the optical transmittance or reflectance spectrum in-
side the bandgap. In contrast to conventional surface waves
such as surface plasmon polaritons, OTS can be excited di-
rectly by both the TE and TM polarizations without special in-
cident angles.[14–16] Due to these favorable characteristics, the
potential applications of OTS have been explored in such uses
as solar cells,[17] polariton laser,[18] optical resonators,[19] and
large Goos–Hänchen shift.[20] In recent years, OTS attracted
increasing interests and offered an alternative platform to en-
hance the PSHE. The metal-distributed Bragg reflector (DBR)
structure and one-dimensional photonic crystal heterostructure
are typical systems for exciting the OTSs.[14,21,22] However,
this traditional metal-DBR structure is unsuitable to excite the
OTS in terahertz (THz) band.[23] Considering the progress of
THz wave source and the outstanding applications in infor-
mation and communications, biomedical imaging, and non-
destructive evaluation and security, research of OTS-induced
PSHE in THz range is of significant importance.

Looking for suitable materials instead of metals to excite
THz OTS is the first and most urgent challenge. InSb is a
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narrow bandgap semiconductor with an electronic bandgap of
0.17 eV at 300 K, whose permittivity in THz range is similar
to those of metals in visible region.[24] Previous reports have
investigated the enhancement and adjustment of PSHE in THz
range for InSb-based structure, therefore, InSb can be consid-
ered as a good candidate to explore the PSHE in THz range.[25]

Here, by replacing the metal film in conventional metal-DBR
structure with a semiconductor of InSb, a new type of InSb-
DBR system is constructed. Moreover, the permittivity of
InSb can be dynamically modulated by temperature,[26] which
provides a new degree of freedom to manipulate the THz OTS
and also PSHE behavior of InSb-DBR structure. The results
show that the maximum spin shift of PSHE is up to 11.15 mm
at optimal structural parameters and temperature, due to the
strong excitation of THz OTS. The spin shift is very sensi-
tive to the refractive index change of gas, therefore, a THz gas
sensing device based on the enhanced PSHE via the excited
OTS of this InSb-DBR structure is proposed with a superior
intensity sensitivity of 5.873×104 mm/RIU.

2. Theory and model
The InSb-DBR structure composed of InSb, the epsilon-

near-zero material (ENZ) layer and the one-dimensional pho-
tonic crystal (1D-PC) is shown in Fig. 1(a). InSb with the re-
fractive index of n2 is placed on the surface layer of structure,
and the thickness is defined as d2. The ENZ layer (n3 = 0.1)
with the thickness of d3 is sandwiched between InSb and 1D-
PC. The lower part of space layer is followed by a 1D-PC con-
sisting of 20 cycles of DBR. The DBR is composed of two
kinds of media layers (A and B) with the thicknesses of d4 and
d5, respectively. The refractive indices of media A and B are
n4 = 1.9 and n5 = 2.25 in the THz band, respectively. The
thicknesses of A and B are given by d4,5 = λc/4n4,5, where
the central wavelength is chosen as λc = 270 µm (i.e., the cen-
tral frequency of fc = 1.11 THz). The permittivity of InSb
at THz frequencies can be obtained from the Drude model as
follows:[27]

ε (ω,T ) = ε∞−
ω2

p (T )
ω[ω + iΓ (T )]

, (1)

where ε∞ = 15.75 is the high frequency dielectric constant,
ωp =

√
Ne2/(ε0m∗) is the plasma frequency, and scattering

frequency is Γ = 1/(m∗µ(T )
e ). Here µ is the carrier mo-

bility and can be given by the empirical formula of µ =

77000(T/300)−1.66 cm2 ·V−1 · s−1.[24] The effective mass of
carriers m∗ in InSb is 0.015m0, with m0 = 9.1×10−31 kg be-
ing the electron mass. The carrier concentration N is related
to the temperature T and can be expressed as[28]

N = 2.9×1011 (2400−T )0.75 (1+2.7×10−4T )T 1.5

×exp
(
− 0.129−1.5×10−4T

kBT

)
. (2)

The Gaussian beam is incident on the surface InSb layer with
an incident angle θi, as shown in Fig. 1, and the PSHE of re-
flected light appears leading to the splitting of left- and right-
handed circularly polarized components in the y-axis direc-
tion. From the angular spectrum theory, the incident Gaussian
beam can be expressed as

Ẽi =
w0√
2π

exp
[
−

(k2
x + k2

y)w
2
0

4

]
, (3)

where ω0 is the beam waist, and kx and ky are the wave vec-
tor components along the x and y directions, respectively. By
matching the boundary conditions, the angular spectrum of the
reflected beam can be expressed as[29]

[
ẼH

r

ẼV
r

]
=

 rp
kry cotθi(rp+rs)

k0

− kry cotθi(rp+rs)
k0

rs

[ ẼH
i

ẼV
i

]
, (4)

where ẼH
r(i) and ẼV

r(i) denote the horizontal (H) and vertical (V)
components of angular spectra of reflected (incident) beams,
respectively; k0 is the wave vector in free space, kry is the
y-component of the reflected wave vector; rp and rs are the
Fresnel reflection coefficients for p- and s-polarization waves,
which can be determined by a 2×2 transfer matrix[29]

M = T1→2P2T2→3P3 · · ·PmTm→m+1, (5)

where

Tm→m+1 =
1

tm→m+1

[
1 rm→m+1

rm→m+1 1

]
is the transmission matrix from layer m to layer (m+1).

Pm =

[
exp(ikmzdm) 0

0 exp(−ikmzdm)

]
is the propagation matrix of the m-layer with thickness dm.
The Fresnel reflection coefficients (rp and rs) are derived by
the elements of M: rp,s = M21/M11, then the Fresnel re-
flectance can be written as Rp,s =

∣∣rp,s
∣∣2.

For the incident Gaussian beam, the two circular compo-
nents of the reflected field can be expressed as[30]

E±H,V ∝
w0

w
exp
[
−x2

r + y2
r

w

]
×
[

rp−
2ixr

k0w
∂ rp

∂θ
∓2yr cotθi

k0w
(rp + rs)

]
, (6)

where w = w0

[
1+
(
2zr/k0w2

0
)2
]1/2

, ± denote the left- and
right-handed circular polarization components, respectively.
The spin shift of the reflected light can be defined as[30]

δ
±
H,V =

∫∫
y
∣∣∣E±H,V

∣∣∣2 dxdy∫∫ ∣∣∣E±H,V

∣∣∣2 dxdy
. (7)
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Fig. 1. (a) Schematic diagram of the proposed InSb-DBR structure and the corresponding PSHE of reflected light. (b) A dissymmetric cavity,
enclosed by the InSb-ENZ layer and a DBR.

3. Simulation results and analysis
In order to investigate the OTS-induced PSHE behavior of

the InSb-DBR structure, we have to demonstrate the excitation
of OTS by the proposed InSb-DBR structure in the THz re-
gion. Figure 2 displays the reflectance spectrum versus the fre-
quency of incident light for TM polarization (p-polarization)
and TE polarization (s-polarization). It can be clearly seen that
there exists a photonic bandgap for the original DBR (with-
out the addition of InSb and ENZ material) in the frequency
range of 1.07–1.15 THz, in which the reflectance is nearly 1.
For the InSb-DBR structure, a pronounced reflection dip in the
bandgap region is observed under both TM and TE polariza-
tions. This reflectance dip is deep and relatively narrow, which
may be associated with the excitation of OTS. Compared with
the condition of TE polarization, TM polarization wave excites
a deeper reflection valley, almost reaching 0. Therefore, we set
the central frequency of incident light as 1.11 THz, which cor-
responds to the reflectance dip of TM polarization.

It is known that excitation of OTS should satisfy the con-
dition of rleftrright exp(2iΦ) = 1. As seen in Fig. 1(b), our
InSb-DBR structure can be regarded as a dissymmetric cav-
ity, enclosed by the InSb-ENZ layer on one side and a DBR
on the other. Here, rleft and rright represent the reflection coef-
ficient of the incident electromagnetic waves on the InSb-ENZ
layer and on the DBR, respectively, and Φ is the phase change
of the electromagnetic wave propagating in the cavity between
two interfaces.[13,14,31] Using the transfer matrix method, the
reflection coefficients on the interface of the InSb and DBR
can be calculated. They are rleft = −0.9867− 0.1474i and
rright =−0.5577+0.8255i (TM polarization), rleft = 0.9322−
0.3280i, and rright =−0.5522+0.8297i (TE polarization), re-
spectively. The above values perfectly satisfy the excitation
condition of OTS, thus the narrow reflection valleys for TM
and TE polarization in Fig. 2 are owing to the OTS of the
InSb-DBR structure, which will result in the enhancing PSHE

of reflected light.
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Fig. 2. The reflectance spectrum of the InSb-DBR structure versus the
incident frequency for TM and TE polarizations. Here, the structural
parameters are T = 300 K, d2 = 35 nm and d3 = 400 µm. The dashed
line is the bandgap of original DBR structure.

Through our calculation, the excitation of OTS for InSb-
DBR structure needs to meet the following structural require-
ments simultaneously: (i) The thickness of ENZ layer is
greater than 300 µm. (ii) The InSb thickness ranges from 1 nm
to 10 µm. However, the strength of OTS (i.e., the value of re-
flection valley) is extremely sensitive to the thickness of InSb
and ENZ layers. It is generally accepted that the spin shift of
reflected light can be enhanced by enlarging the differences
of Fresnel reflection coefficients between rs and rp. The giant
δH prefers to have a small rp, and large δV wants rs as small
as possible.[8,32] Therefore, the thicknesses of InSb and ENZ
layers affect the strength of OTS and then the PSHE behav-
ior of reflected light for InSb-DBR structure. Figure 3 shows
the Fresnel reflectance spectrum versus the incident angle with
different thicknesses of ENZ and InSb layers. As shown in
Fig. 3(a), by fixing the ENZ thickness (d3) to 400 µm, we
found the prominent characteristic of OTS when the thickness
of InSb layer (d2) changes from 5 to 70 nm. An increased d2

has little effect on the incident angle of OTS, but the penetra-
tion depth of OTS accordingly changes. The corresponding
minimum value of reflectance Rp for the InSb-DBR structure
with different d2 is illustrated in Table 1. With the increment
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of d2, Rp firstly decreases to a small value and then continu-
ously increases. The minimum Rp of 1.50× 10−7 is obtained
when d2 = 35 nm. Unlike Rp, Rs becomes unchanged with in-
creasing the incident angle from 10.1◦ to 10.6◦, and it always
maintains a large value (∼ 0.9) with different d2. Similarly, the
effect of ENZ thickness (d3) on the Rp with d2 = 35 nm is also
shown in Fig. 3(c). When the thickness of ENZ layer increases
from 350 µm to 450 µm, the incident angle of OTS moves to-
wards a smaller angle, accompanied by the varied penetration
depth.
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Fig. 3. Impact of thicknesses of the InSb layer (d2) on the reflectance
(a) Rp and (b) Rs with d3 = 400 µm. (c) The Rp curves for different
thicknesses of the ENZ layer (d3), d2 = 35 nm. Here, T = 300 K.

Table 1. The minimum values of Rp with different InSb thicknesses in
Fig. 3(a) .

InSb layer thickness (nm) Fresnel reflectance Rp

5 5.87×10−5

10 3.92×10−5

35 1.50×10−7

50 7.69×10−6

70 4.45×10−5

Therefore, for the InSb-DBR structure, Rp gets a near-
zero value due to the strong excitation of OTS, while Rs keeps
a large value (∼ 0.9) in the incident angle range from 10.1◦

to 10.6◦. Considering the intimate relationship between the
PSHE and Fresnel reflectance, the excitation of OTS would
lead to a large ratio of rs/rp and the resulting giant spin shift
δH of reflected light for the InSb-DBR structure. Note that the
spin shifts for left- and right-circularly polarized light are the

same in magnitude but opposite in signs. For simplicity, only
the spin shift of left-circularly polarized component is plotted
in the figures of next sections.

Figure 4 describes the role of InSb/ENZ thickness and
the incident angle in PSHE of reflected light for the InSb-
DBR structure. From Fig. 4(a), the value of δ

+
H is positive

with small thickness of the InSb layer (d2) and incident angle,
and then it reaches the positive peak in the spectrum of spin
shifts as the InSb thickness increases to 35 nm, which is due
to the strong excitation of OTS and the resultant near-zero rp.
The sign of spin shifts changes from positive to negative, and
then it exhibits the negative valley with the further increase
of d2 and incident angle. Such variation can be attributed to
the changed sign of the phase ϕp of Fresnel reflection coeffi-
cient rp. Meanwhile, the relationship between spin shift δ

+
H

and the thickness of ENZ layer in Fig. 4(b) is similar to the
condition of InSb thickness. Therefore, the spin shift δ

+
H of

InSb-DBR structure changes with the incident angle and the
InSb/ENZ thickness, and there are optimal parameters with
the InSb/ENZ thickness to achieve the notable PSHE. The
spin shift δ

+
H reaches up to 4.55 mm under the parameters of

d2 = 35 nm and d3 = 400 µm, which can be attributed to the
strong excitation of OTS in the InSb-DBR structure.
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Fig. 4. The dependences of spin shift δ
+
H (a) on d2 and incident angle

with d3 = 400 µm and (b) on d3 and incident angle with d2 = 35 nm.

InSb is a temperature-sensitive material, therefore, tem-
perature can be an additional factor to modulate the behavior
of PHSE in the InSb-DBR structure. Figure 5(a) shows the
permittivity of InSb as a function of temperature. It can be
clearly seen that both the real and imaginary parts of InSb per-
mittivity stabilize to be a tiny value when temperature is lower
than 250 K. With the continuous increase of temperature, the
real component of InSb permittivity becomes negative, while
the imaginary one increases to be a large positive value. The
effect of temperature on the corresponding spin shift δ

+
H for
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InSb-DBR structure is displayed in Fig. 5(b). It is demon-
strated that the spin shift δ

+
H and the related excitation angle

of OTS change slightly at low temperature, owing to the sta-
ble behavior of InSb permittivity. The giant spin shift is about
11.15 mm, about 6 times larger than the spin shift induced by
InSb-supported long-range SPR for the incident frequency of
1 THz.[33] Then the spin shift undergoes a sign transformation
with increasing temperature. Meanwhile, the magnitude of δ

+
H

becomes decreased, accompanied by the increment of OTS ex-
citation angle. Consequently, temperature can be a new degree
of freedom to flexibly tune the spin shift of PSHE for the InSb-
DBR structure. Moreover, the optimal incident angle should
be accordingly changed to excite the notable OTS and promi-
nent spin shifts in future applications of PSHE-based devices.
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Fig. 5. (a) The permittivity of InSb (ε) for different temperatures. (b)
The spin shift of δ

+
H versus temperature T and incident angle. Here

d2 = 35 nm and d3 = 400 µm.

Given the advantages of precise real-time detection and
fast response, optical refractive index sensors have received a
great deal of attention in potential applications including toxic
monitoring, medical diagnose, food safety inspection, and so
on.[4,34,35] Nowadays, most of the typical sensors are based
on the SPR or resonant optical tunneling effect, and the sens-
ing mechanisms are directly associated with the changes of
reflection valley for different analytes. As a novel optical ef-
fect, PSHE opens the possibility for developing a new type
of optical sensors. Compared with other traditional sensors,
PSHE-based refractive index sensors exhibit the desirable ac-
curacy and higher signal-to-noise ratio.[36] Until now, most
optical sensors based on PSHE have been focused in the visi-
ble region, and the research of THz gas sensor is of significant
importance, because the vibrational and rotational energy of
most gas molecules lie in THz ranges. Here we replaced the
first air layer of the InSb-DBR structure (in Fig. 1(a)) by the
gas to be detected, and proposed a THz gas sensor based on the
OTS-induced PSHE of the InSb-DBR system. Considering the

intimate relationship between the PSHE and refractive index
of analyte, when two different sensing analytes are detected,
the corresponding spin shift will be distinctive. According to
the intensity-based shift sensing scheme, the intensity sensi-
tivity of PSHE sensors can be expressed as S

δ
+
H
= ∆δ

+
H /∆n,

where ∆δ
+
H is the variation of spin shift at a fixed working

angle as shown in Fig. 6, and ∆n is the refractive index differ-
ence of gas. We found that the spin shift is extremely sensitive
to the refractive index change of detected gas, and the inten-
sity sensitivity can be up to 5.873×104 mm/RIU. This value
is about two orders of magnitude greater than that of PSHE
sensor based on InSb-supported long-range SPR.[33] Com-
pared with the conventional micro-electromechanical system
(MEMS) gas sensors,[37] our sensitivity of PSHE-based sen-
sor enhances nearly four orders of magnitude, demonstrating
a superior sensing performance.
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Fig. 6. The intensity sensitivity of refractive index sensor based on
OTS-induced PSHE.

Table 2. The effect of InSb dielectric constant on the maximal spin shift
of PSHE.

Dielectric constant of InSb Change of maximal spin shift (mm)
–66.2371+17.8i –0.010
–66.2371+18.0i +0.010
–66.3371+17.9i –0.003
–66.3371+17.8i –0.015
–66.3371+18.0i +0.007
–66.1371+18.0i +0.010
–66.1371+17.8i –0.010
–66.1371+17.9i 0

In practical applications, the experimental growth of
InSb/ENZ heterostructure may lead to rough interface of
InSb/ENZ. The dielectric constant will be different from the
above calculation, therefore, the spin shift and corresponding
sensitivity of InSb-DBR-based sensor can be changed. The
dielectric constant of InSb at 300 K is –66.2371+17.9i, and
the maximal spin shift is 10.9 mm. Here, we calculated the
effect of the dielectric constant changes on the maximal spin
shift of PSHE, and the detailed data are listed in Table 2. It
is clearly seen that the average changing rate of spin shift is
about 0.07%, which can be negligible and have little effect
on the sensitivity of PSHE-based sensors. Therefore, our pro-
posed gas sensor based on the enhanced PSHE of the InSb-
DBR structure shows a good stability in practical experiment
applications.
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4. Conclusion
In summary, we have proposed the InSb-DBR structure

to excite the THz OTS and to achieve the significant enhance-
ment of PSHE for reflected light. The spin shift of PSHE can
be dynamically modulated by the thickness of the InSb/ENZ
layer as well as the temperature. Under the optimal parame-
ter setup, the largest spin shift δ

+
H with a 1.1 THz Gaussian

beam reaches 11.15 mm, which is much larger than the previ-
ously reported values. Finally, a THz gas sensor based on the
enhanced PSHE of the InSb-DBR structure due to the excita-
tion of OTS is presented with a superior intensity sensitivity of
5.873× 104 mm/RIU and good stability. These results could
provide an alternative way for enhancement of PSHE in THz
range and design of nano-photonic devices.
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[22] Bliokh K Y, Rodrı́guez-Fortuňo F J, Nori F and Zayats A V 2009 Appl.
Phys. Lett. 95 151114

[23] Tian H S, Yang Y, Tang J, Jiang L Y and Xiang Y J 2021 Results Phys.
25 104300

[24] Madelung O and Meyerhofer D 1964 Physics of III–V Compounds
(New York: John Wiley & Sons)

[25] Wang P X, Wan B F, Peng H M, Ma Y, Zhang H F and Zhang D 2021
Opt. Quantum Electron. 53 113

[26] Rivas J G, Janke C, Bolivar P H and Kurz H 2005 Opt. Express 13 847
[27] Sánchez-Gil J A and Rivas J G 2006 Phys. Rev. B 73 205410
[28] Oszwaldowski M and Zimpe M 1988 Phys. Chem. Solids 49 1179
[29] Luo H L, Ling X H, Zhou X X, Shu W X, Wen S C and Fan D Y 2011

Phys. Rev. A 84 033801
[30] Tan X J and Zhu X S 2016 Opt. Lett. 41 2478
[31] Lu G, Zhang K Y, Zhao Y P, Zhang L, Shang Z Q, Zhou H Y, Diao C

and Zhou X C 2021 Nanomaterials 11 3447
[32] Cheng M, Fu P, Tang X T, Chen S Y, Chen X Y, Lin Y T and Feng S Y

2018 J. Opt. Soc. Am. B 35 1829
[33] Cheng J, Wang G J, Dong P, Liu D P, Chi F F and Liu S L 2022 Chin.

Phys. B 31 014205
[34] Chamoli S K, Singh S and Guo C L 2020 IEEE Sens. J. 20 4628
[35] Lam C C C, Mandamparambil R, Sun T, Grattan K T V, Nanukuttan S

V, Taylor S E and Basheer P A M 2009 IEEE Sens. J. 9 525
[36] Zhou X X, Sheng L J and Ling X H 2018 Sci. Rep. 8 1221
[37] Asri M I A, Hasan M N, Fuaad M R A, Yunos Y M and Ali M S M

2021 IEEE Sens. J. 21 18381

124202-6

http://dx.doi.org/10.1103/PhysRevLett.93.083901
http://dx.doi.org/10.1038/nphoton.2015.201
http://dx.doi.org/10.1038/nphoton.2015.201
http://dx.doi.org/10.1103/PhysRevLett.92.126603
http://dx.doi.org/10.1109/JSEN.2022.3177523
http://dx.doi.org/10.1109/JSEN.2022.3177523
http://dx.doi.org/10.1063/1.5131183
http://dx.doi.org/10.1364/OL.386224
http://dx.doi.org/10.1364/OL.386224
http://dx.doi.org/10.1103/PhysRevA.84.043806
http://dx.doi.org/10.1103/PhysRevA.84.043806
http://dx.doi.org/10.1109/JPHOT.2016.2523253
http://dx.doi.org/10.1364/AO.457692
http://dx.doi.org/10.1088/1361-6463/aab281
http://dx.doi.org/10.1088/1367-2630/abc515
http://dx.doi.org/10.1103/PhysRevB.100.115429
http://dx.doi.org/10.1364/OL.398209
http://dx.doi.org/10.1364/OL.398209
http://dx.doi.org/10.1103/PhysRevB.76.165415
http://dx.doi.org/10.1103/PhysRevB.72.233102
http://dx.doi.org/10.1103/PhysRevB.72.233102
http://dx.doi.org/10.3788/COL
http://dx.doi.org/10.1039/C9TA00227H
http://dx.doi.org/10.1039/C9TA00227H
http://dx.doi.org/10.1063/1.2136414
http://dx.doi.org/10.1063/1.2136414
http://dx.doi.org/10.1021/acsphotonics.0c01254
http://dx.doi.org/10.3788/COL
http://dx.doi.org/10.1063/1.2952486
http://dx.doi.org/10.1063/1.3251073
http://dx.doi.org/10.1063/1.3251073
http://dx.doi.org/10.1016/j.rinp.2021.104300
http://dx.doi.org/10.1016/j.rinp.2021.104300
http://dx.doi.org/10.1007/s11082-021-02777-3
http://dx.doi.org/10.1007/s11082-021-02777-3
http://dx.doi.org/10.1364/OPEX.13.000847
http://dx.doi.org/10.1103/PhysRevB.73.205410
http://dx.doi.org/10.1016/0022-3697(88)90173-4
http://dx.doi.org/10.1103/PhysRevA.84.033801
http://dx.doi.org/10.1103/PhysRevA.84.033801
http://dx.doi.org/10.1364/OL.41.002478
http://dx.doi.org/10.3390/nano11123447
http://dx.doi.org/10.1364/JOSAB.35.001829
http://dx.doi.org/10.1088/1674-1056/ac192a
http://dx.doi.org/10.1088/1674-1056/ac192a
http://dx.doi.org/10.1109/JSEN.7361
http://dx.doi.org/10.1109/JSEN.2009.2016597
http://dx.doi.org/10.1038/s41598-018-19713-3
http://dx.doi.org/10.1109/JSEN.2021.3091854

	1. Introduction
	2. Theory and model
	3. Simulation results and analysis
	4. Conclusion
	References

