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Abstract: The multi-channel high-efficiency absorber in the mid-infrared band has broad application
prospects. Here, we propose an SiC-photonic crystal (PhC) heterostructure-SiC structure to realize
the absorber. The absorption characteristics of the structure are studied theoretically. The results
show that the structure can achieve high-efficiency multi-channel absorption in the mid-infrared
range. The absorption peaks come from the coupling of the dual Tamm phonon polariton (TPhP)
mode formed at the interface between the two SiC layers and the photonic crystal, and the optical
Tamm state (OTS) mode formed in the PhC heterostructure. By adjusting the thickness of the air
dielectric layer and the period of the PhC in the heterostructure, the mode coupling intensity can be
regulated; thereby, the position and intensity of the absorption peak can be adjusted. In addition,
the absorption peaks of TE and TM polarized light can be controlled by changing the incident angle.
Adjusting the incident angle can also control the excitation and intensity of the epsilon-near-zero
(ENZ) phonon polariton mode produced by TM polarized light. This kind of light absorber may have
potential applications in sensors, filters, modulators, switches, thermal radiators, and so on.

Keywords: optical Tamm state; Tamm phonon polariton; mode coupling; epsilon-near-zero phonon
polariton; multi-channel absorber

1. Introduction

Efficient infrared absorption has a wide range of applications, including sensors [1],
photodetectors [2], thermal emitters [3], infrared imaging [4], etc. Compared with single-
channel absorbers, multi-channel optical absorbers have a broader application field, so
people have always hoped to achieve multi-channel controllable and high-efficiency ab-
sorption in a wide wavelength range. Currently, the multi-channel optical absorbers are
mainly based on electromagnetic resonance [5,6], surface plasmon resonance [7,8], and
optical Tamm state (OTS) [9]. OTS is a localized interface mode. One-dimensional photonic
crystal (PhC) heterostructure and metal-PhC structure are two commonly used structures to
produce OTS [10]. OTS produced near the metal-PhC interface is also called Tamm plasmon
polariton (TPP) [11]. OTS or TPP can be excited directly by TE or TM polarized light, even
under normal incident condition. Changing the dielectric layer in the PhC heterostructure
can adjust the position and number of OTS resonance peaks and the interaction with
other modes, enabling adjustment of the transmission and absorption characteristics of the
structure [12]. Many schemes for building OTS mode absorbers have been proposed [13,14].

In the mid-infrared band, the use of polar dielectrics instead of metals has been
explored. Similar to metals, polar dielectrics show high reflectivity and a negative real
part of the dielectric constant in the reststrahlen band. The electromagnetic wave incident
on the surface of polar dielectrics may excite evanescent waves in the reststrahlen band,
producing surface phonon polariton (SPhP) [15,16]. If a polar dielectric is used to replace
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the metal of the metal-PhC structure, Tamm phonon polariton (TPhP) will be produced
similar to TPP [17].

In the interaction between light and matter, the Fano resonance and the effect similar
to Rabi splitting can be easily observed [18-21]. Fano resonance is usually caused by
interference between high-quality factor (high-Q) mode and low-quality factor (low-Q)
mode. It usually forms a narrow non-absorption band in the single-band absorption
spectrum. The Rabi splitting effect is a strong coupling between two similar Q resonant
modes [22]. The strong coupling provides a new method for multi-band resonance. It
has been widely studied to achieve multi-band absorption by coupling OTS with other
modes [21]. However, there are few studies on the multi-channel high-efficiency absorption
formed by the coupling of OTS and TPhP.

In this paper, an SiC-PhC heterostructure-SiC structure is designed, and a multi-
channel high-efficiency absorption in the mid-infrared band is realized by the exciting and
coupling of multiple modes. The finite-difference time-domain (FDTD) method is used
to simulate the transmission/absorption spectrum and electric field distribution of the
structure. The transfer matrix method (TMM) and coupled harmonic oscillator model are
used for theoretical analysis. The results show that the number, position, intensity, and
coupling of the absorption peaks can be controlled by adjusting the period of the PhC, the
thickness of the air layer in the heterostructure, the incident angle of the incident light,
and the polarization state of the incident light. The proposed multi-channel absorber has
potential applications in sensors, filters, and thermal radiators.

2. Structure and Theory

Figure 1a,b shows a part of the proposed structure, in which PhC2 is deposited on
the SiC film layer and the substrate. PhC1 is used as a suspended film, and the distance
between PhC1 and PhC2 can be tuned finely by a nanopositioning system. The structure
extends infinitely in the x and y directions. The heterostructure consists of PhC1 and PhC2,
which are alternately composed of Ge and ZnSe, and the refractive index is 4.0 and 2.4,
respectively [23,24]. The thicknesses of the composite layer are a = 0.6 pm and b = 1.05 pum,
respectively. dy = 0.6 um and d; = 0.4 um represent the underlayer thicknesses of the PhC1
and PhC2, and dj is the thickness of the air layer at the interface of the heterostructure. Ny
and N represent the numbers of periods of PhC1 and PhC2. TE or TM polarized light is
incident, with an angle of 6 = 0°.
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Figure 1. (a) Schematic diagram of the structure of PhCl-air layer-PhC2-SiC. N1*(a + b) and Ny*(a + b)
indicate that the number of periodic layers of PhC is N1 and N, respectively. (b) Side view of the
structure. (c) The dependence of the real part and the imaginary part of the permittivity of SiC on the
wavelength. (d) The 2D view of the structure used to generate OTS and TPhP.
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SiC is a polar dielectric material, and its dielectric constant can be described by the
Lorentz oscillator model [25]:

2 2

w —w
£(w) = eeo(1+ —12—T9 ), 1)
Wi, —w? —iyw

where ¢, is the high-frequency dielectric constant, w is the angular frequency of the incident
light, wrp and wrp are the longitudinal optical phonon frequency and the transverse
optical phonon frequency, respectively, and v is the phonon damping coefficient. For SiC,
€0 = 6.56, Wi = 973cm 1, wro = 797cm~1, and v = 4.76cm™ L, Figure 1c shows the
complex permittivity of SiC. Between wrp and wy o, the real part of the permittivity of SiC
is negative, and light incident on SiC can form SPhP on the surface of SiC.

For the proposed structure, OTS is excited at the interface of the PhC heterostructure,
and TPhP is excited at the interface of PhC2 and SiC, as shown in Figure 1d. The conditions
for the two modes are, respectively [11]:

rpuc1tprc2 €xp(2i6) =1, )

rppcatsic = 1, ®)
where 7pjc1, Tppc2, and rgic represent the reflection coefficients of light at the interface of
PhC1, PhC2, and SiC, respectively, which can be obtained by TMM. § = 27tn,;,do/ A is the
phase change of the light propagating across the air layer.
When infrared light is incident on the structure, a strong coupling phenomenon
between OTS and TPhP will be observed. We use the coupled harmonic oscillator model to
discuss the strong coupling phenomenon [26,27]:

(EOTS+iﬁFOTS 1% )(ao):E< ao) (4)
14 Erpnp + iRl Tprp ar ar )’

where wors, Eots, T'ors and wrpyp, ETpnp, I'tpyp represent the angular frequency, energy
and damping losses of OTS and TPhP modes, respectively, Eors = hwors and Erpyp =
hwrpyp. E represents the energy of the coupled mode. |ap|* and |ar|? represent the relative
weightings of OTS and TPhP modes in the coupled mode, |ap | 4+ |ar|? = 1. V denotes
interaction potential between two modes. When wots = wrpyp, the Rabi splitting energy
is hQ) = \/4V2 - ﬁz(FOTS - erhp)z.

The eigenfrequency of the coupled mode can be solved by Equation (4) [28,29]:

wors + w Wors — W 2
| Wors TPhP | \/w%+( OTs TPRP ) 5)

2 2

where w4 represents the resonant angular frequencies of the coupled mode, wprs and
wrpyp are the resonant angular frequencies of OTS and TPhP modes, respectively, and
wp = (1/2 is the half of the Rabi splitting frequency.

3. Results and Analysis
3.1. Exciting of OTS and TPhP Modes

The structure consists of two parts. The upper part is composed of PhC1, an air layer,
and PhC2, forming a PhC heterostructure. The lower part is composed of PhC2 and SiC.
PhC2 acts as a common part. When the incident light illuminates the upper part of the struc-
ture, the OTS mode is excited at the heterogeneous interface, producing a sharp peak in the
transmission spectrum. The resonance peak can be adjusted by changing the thickness of the
air dielectric layer. Figure 2a shows the transmission spectrum of the PhC heterostructure
when Nj =3, N, =3, and dg = 0.35 um. The transmission peak is located at A = 11.312 um.
For A = 11.312 um, rppc1 = —0.973 + 0.185i and 7pj,cr = —0.959 + 0.206i are obtained
by TMM, and then |rPhCl ‘ = 0.99, |1’phcz| = 0.98, ®prc1 = 2.954, and ®Ppnc2 = —3.353.
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[prc1|rphca| = 0.97 =~ 1, which satisfies the amplitude condition of Equation (2). For
A =11.312 pm and dg = 0.35 um, 26 = 2 X 27tn,;dy/ A= 0.388, the total phase change is
® = ¢ppc1 + @puca + 26 = —0.01 = 07r, which satisfies the phase condition of Equation (2).
Figure 2b shows the electric field intensity distribution at 11.312 um, when dg = 0.35 pm.
Most of the energy of the electric field is concentrated near the opposite PhC interface. The
relationship between the wavelength of the transmission peak and d is shown in Figure 2c.
The line represents the result calculated by Equation (2), and the circle represents the
simulation result. When the air layer thickness dg changes from 0 to 1.0 um, the wavelength
of the transmission peak will change from 10.24 um to 12.44 pm. In fact, other dielectric

materials can be used as separating layer, which will cause different resonant frequency of
the OTS.
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Figure 2. (a) The transmission spectrum of the OTS mode produced by the PhC heterostructure.
(N7 =3,Ny =3, and dy = 0.35 um). (b) The electric field intensity distribution of OTS at 11.312 pum.
(c) The relationship between the resonance wavelength of the OTS and the air layer thickness (N7 = 3,
Nj =3). (d) The absorption spectrum of the PhC2-SiC structure. (N, = 3) (e) The electric field intensity
distribution of TPhP at 11.317 um (N, = 3).

Figure 2d shows the absorption spectrum of the lower structure PhC2-SiC (where
Nj =3). The absorption peak is at a wavelength of A = 11.317 um. For A = 11.317 pm,
rpuca = —0.748 4 0.63i and rgic = —0.744 — 0.64i are obtained by TMM, and then
[rpncallrsicl = 0.96 ~ 1, and ¢ = @puco + @sic = 0.01 ~ 0, which satisfy the ampli-
tude and phase conditions of Equation (3). Figure 2e shows the electric field intensity
distribution at 11.317 pm. The maximum electric field intensity appears near the interface
between PhC2 and SiC, which is a TPhP mode.

3.2. Coupling of OTS and TPhP Modes

Figure 3a shows the absorption spectrum of the structure of Figure 1a,b (N7 =3, N = 3,
dg = 0.35 um). Due to the strong coupling of OTS and TPhP, the original overlapping
peaks split into two absorption peaks, located at A = 11.038 pm and A = 11.715 pm,
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respectively. Figure 3b,c are the electric field intensity distributions at 11.038 pm and
11.715 pm, respectively. The dashed lines in the figure indicate the middle of the air layer
in the PhC heterostructure and the interface of PhC2-SiC. The electric field energy is mainly
distributed in the air gap at the interface of heterostructure and near the interface of PhC2
and SiC. There are similar electric field distributions at the two wavelengths, corresponding
to the coupling mode of OTS and TPhP.
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Figure 3. (a) The absorption spectrum of PhC1-air layer-PhC2-SiC structure. (b) The electric field
intensity distribution at 11.038 um. (c) The electric field intensity distribution at 11.715 um. (d) The
absorption spectra of OTS and TPhP coupled modes as a function of dy. (e) The mixing fractions
of OTS and TPhP as a function of dy. (f) The absorption spectra of the structure when the period
number N, of PhC2 is different. (g) When N; = 10, the electric field intensity distribution of the
structure at the resonance wavelength.

By adjusting the thickness dg of the air layer, the detuning of OTS and TPhP can be
adjusted to affect the position of the absorption peak and the absorption intensity. It can be
seen from Figure 2c that, when dg increases from 0 to 1.0 um, the resonance wavelength
of OTS changes from 10.24 um to 12.44 pm. Figure 3d shows the absorption spectra of
the coupling mode of OTS and TPhP when dj changes. The dashed line and solid line,
respectively, represent the resonant wavelengths of the OTS mode and the TPhP mode
when two modes are not coupled. They are calculated by using Equations (2) and (3).
Obviously, when the dj changes, the resonance wavelength of TPhP will not change.

The absorption spectra of the coupled mode show an anti-crossing property near
11.315 um (dp = 0.35 um), and the energy of Rabi splitting is 6.5 meV. Figure 3e shows the
weight of OTS and TPhP of the coupled mode calculated according to Equations (4) and (5).
When dg = 0.35 um, |ap|? = |ar|* = 0.5. As dg decreases, the left branch appears to have
an OTS-like characteristic (|ap|? > |a7|?). With the increase of dy, the left branch appears
to have a TPhP-like characteristic (|ao|* < |ar|?). Similarly, with the decrease of dy, the
right branch appears to have a TPhP-like characteristic, and, as d increases, the OTS-like
characteristic appears. The eigenfrequencies of the coupled mode can also be calculated
theoretically using the coupled harmonic oscillator model by Equations (4) and (5), and
they are represented by yellow dots in Figure 3d.
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Next, we study the effect of PhC2 period number N, on coupling when N; = 3 and
dg = 0.35 pm. It can be seen from Equations (2) and (3) that, when only Ny is changed, the
resonance conditions of the two modes will remain unchanged, and the zero detuning state
can still be maintained. Figure 3f shows the absorption spectra when the number of period
of PhC2 increases from Ny = 2 to Nj = 10. For smaller Ny, the OTS field energy can easily
pass through PhC2 to reach the SiC interface, and TPhP can interact strongly with OTS,
leading to large Rabi splitting. The absorption spectrum can be well fitted to two Lorentz
resonance lines. With the increase of the PhC2 period, the energy of OTS reaching the SiC
interface decreases, and the coupling intensity between OTS and TPhP decreases gradually.
When N, = 10, the distance between the heterostructure and the SiC is far enough that
OTS and TPhP cannot exchange energy (namely, there is no coupling), and the absorption
spectrum shows a Lorentz single resonance line. In this case, the electric field distribution
of the structure is shown in Figure 3g. Both OTS and TPhP modes are excited, but there is
no energy exchange between them.

3.3. Multi-Channel Adjustable Absorber

Based on the basic structure, we add a 0.2 um SiC layer to the upper layer of PhC1, as
shown in Figure 4a,b. When dy = 0.3 pum, the absorption spectrum of the structure is shown
as in Figure 4c. There are three absorption peaks, at A; = 10.974 pm, A, = 11.634 pm, and
Az = 12.359 pm. They come from the coupling of three modes, namely OTS in the PhC
heterostructure, TPhP2 at the PhC2-SiC interface, and TPhP1 at the SiC-PhC1 interface. At
A1 = 10.974 pm and Ay = 11.634 pum, the electric field distributions are similar to those in
Figure 3b,c, although not given in the article. Figure 4d shows the electric field distribution
at 12.359 pm. The dashed lines from top to bottom represent the interface between SiC and
PhC1, the middle of the air layer, and the interface between PhC2 and SiC. The electric
field energy is mainly distributed near the interface between SiC and PhC1, so A3 mainly
comes from the TPhP1 mode formed by SiC and PhC1. Figure 4e shows the absorption
spectra of the structure varying with the thickness of the air layer. As shown in Figure 2c,
when there is no coupling, the OTS redshifts with increasing dg. When coupling occurs,
due to the anti-crossing characteristics, the three branches of the coupled mode redshift
with the increase of dg. When d increases to about 0.6 um, the rightmost branch is beyond
the reststrahlen band of SiC, 10.28~12.55 um. In this case, the real part of the permittivity
of SiC changes from negative to positive. The incident light cannot excite TPhP1 mode, so
the A3 absorption peak disappears. The number and position of absorption peaks can be
adjusted by adjusting d.

3.4. Influence of Incident Angle on Absorption Spectrum

When light is incident perpendicularly to the structure, the resonance modes formed
by TE and TM polarization lights degenerate. When light is incident on the structure at a
certain angle of incidence, the degeneracy is eliminated. Both OTS and TPhP modes are
related to the incident angle, so changing the incident angle can adjust the position and
intensity of the absorption peak. Figure 5a,b show the relationship between the absorption
spectra and the incident angle when TE and TM polarized lights are incident (N; =3,
N, =3, dp = 0.4 pm). As the incident angle increases, the position of each absorption peak
is blue-shifted. This is because, when the light changes from normal incidence to oblique
incidence, the phase changes through each layer from ¢ = 27tnd /A to ¢ = 2rtnd cos6/A (0
is the angle of incidence). In order to satisfy the phase condition of Equations (2) and (3),
the resonance wavelength is blue-shifted. The larger the 6, the more obvious the blue shift
is. For TM polarized light, as incident angle increases, a new absorption peak appears at
A =10.29 pm, and the absorption rate increases as the incident angle increases.



Nanomaterials 2022, 12, 289

7 of 9

(a) (b) v (c)
1.0
0
PhC1 N *(ath) 0.8
=
M Ge 2 06l
W ZnSe dy B
| SiC E 0.4
PhC2 N*(atb) <
t 0.2t
d,
0.0

“10.0 105 11.0 11,5 12,0 12,5 13.0
A (um)

(d) ® 1
5 __
A=12.359um
_ N
R g
) | \;
=

-0.2 0.0 0.2
X (pm)

. 0
10.0 10.5 1.0 1L.5 12.0 12.5 13.0

A (um)

Figure 4. (a) Schematic diagram of the structure of SiC-PhC heterostructure-SiC structure. N1*(a+b)
and Nj*(a+b) indicate that the number of periodic layers of PhC is N1 and N, respectively. (b) Side
view of the structure. (c) The absorption spectrum of SiC-PhC heterostructure-SiC structure
(dg =0.3 um). (d) The electric field intensity distribution at 12.359 um. (e) The absorption spec-
tra of SiC-PhC heterostructure-SiC structure as a function of d.
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Figure 5. (a) The relationship between the absorption spectra and the incident angle for TE polarized
light (N =3, Np =3, dg = 0.4 um). (b) The relationship between the absorption spectra and the
incident angle for TM polarized light (N = 3, Ny = 3, dyg = 0.4 um). (c) The electric field intensity
distribution at 10.29 um.

When TE polarized light is incident on the ultra-thin SiC film, the electric field only has
a y-direction component, which can only excite the transverse SPhP. When TM polarized
light is normally incident on the ultra-thin SiC film, the electric field only has an x-direction
component, and only the transverse SPhP is excited. When TM polarized light is obliquely
incident on the ultra-thin SiC film, the electric field has components in z and x directions,
and the transverse SPhP and the longitudinal SPhP may be excited. The longitudinal SPhP
frequency is close to the longitudinal optical phonon frequency (10.28 um) [30-32]. At
this frequency, the real part of the dielectric constant of SiC is close to zero, forming ENZ
polariton [15,33]. It has a strong sub-wavelength limitation, which greatly enhances the
electric field intensity in the film and forms efficient absorption. The absorption peak at
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A =10.29 um is ENZ mode, its electric field distribution is shown in Figure 5c, in which
the dashed lines are the separators of each part, and the top two dashed lines represent the
upper and lower sides of the SiC layer. The electric field energy is almost all distributed
in the SiC layer. Moreover, the intensity of the longitudinal SPhP is proportional to sin? 6,
6 is the angle of incidence. The absorption spectrum can be adjusted by adjusting the
polarization state and incident angle of the incident light.

4. Conclusions

A SiC-PhC heterostructure-SiC structure is proposed to realize the tunable multi-
channel absorption in the mid-infrared. The absorption characteristics of the structure are
studied from two aspects of numerical simulation and theoretical calculation. The effects
of structural parameters, polarization state of incident light and incident angle on the
absorption spectrum are analyzed in detail. The results show that the structure can achieve
multiple absorption peaks due to the coupling effect between OTS and TPhP excited at the
interface. Adjusting the thickness of the air layer at the junction of the PhC heterostructure
can regulate the resonance wavelength of the OTS mode, thereby controlling the detuning
between the OTS and TPhP modes, and controlling the position and intensity of the
absorption peaks. Changing the period of PhC2 in the PhC heterostructure can adjust the
coupling strength of OTS and TPhP modes, as well as adjust the position and number
of absorption peaks. When the incident light is obliquely incident on the structure, the
degeneracy of TM and TE polarized light is eliminated. In the case of TM polarization light
oblique incidence, ENZ mode will also be generated, forming an efficient absorption peak.
This design will have potential applications in filters, heat radiators, sensors, etc.

Author Contributions: Conceptualization, ].H. and Y.G. (Yachen Gao); Software, ] H. and Y.G. (Yang
Gao); formal analysis, ].H. and ].J.; data curation, ].H. and T.W.; writing—original draft preparation,
J.H.; writing—review and editing, J.H., Y.G. (Yang Gao), and Y.G. (Yachen Gao); funding acquisition,
Y.G. (Yachen Gao), Y.G. (Yang Gao), and J.J.; All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Heilongjiang Province (F2018027,
LH2019F047), Fundamental Research Funds in Heilongjiang Provincial University (n.145109320).

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable
Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, N.; Mesch, M.; Weiss, T.; Hentschel, M.; Giessen, H. Infrared Perfect Absorber and Its Application as Plasmonic Sensor. Nano
Lett. 2010, 10, 2342-2348. [CrossRef]

2. Wang, L.; Zhang, Y.; Wang, B.; Wei, Y.; Zhang, B.; Meng, L.; Liu, T.; Wang, B.; Han, B.; Jiang, Z.; et al. High-performance infrared
Ge-based plasmonic photodetector enhanced by dual absorption mechanism. APL Photonics 2020, 5, 096104. [CrossRef]

3. Wang, Z.; Clark, ].K.; Ho, Y.-L.; Volz, S.; Daiguji, H.; Delaunay, ].-]. Ultranarrow and Wavelength-Tunable Thermal Emission in a
Hybrid Metal-Optical Tamm State Structure. ACS Photonics 2020, 7, 1569-1576. [CrossRef]

4.  Tittl, A.; Michel, A.-K.U.; Schaferling, M.; Yin, X.; Gholipour, B.; Cui, L.; Wuttig, M.; Taubner, T.; Neubrech, F; Giessen, H. A
Switchable Mid-Infrared Plasmonic Perfect Absorber with Multispectral Thermal Imaging Capability. Adv. Mater. 2015, 27,
4597-4603. [CrossRef]

5. Shen, X,; Yang, Y;; Zang, Y.; Gu, J.; Han, J.; Zhang, W.; Cui, T.J. Triple-band terahertz metamaterial absorber: Design, experiment,
and physical interpretation. Appl. Phys. Lett. 2012, 101, 154102. [CrossRef]

6.  Zheng, H.Y; Jin, X.R,; Park, JW,; Lu, YH.; Rhee, ].Y.; Jang, W.H.; Cheong, H.; Lee, Y.P. Tunable dual-band perfect absorbers based
on extraordinary optical transmission and Fabry-Perot cavity resonance. Opt. Express 2012, 20, 24002-24009. [CrossRef] [PubMed]

7. Wang, Z,; Hou, Y. Ultra-multiband absorption enhancement of graphene in a metal-dielectric-graphene sandwich structure
covering terahertz to mid-infrared regime. Opt. Express 2017, 25, 19185-19194. [CrossRef] [PubMed]

8.  Hamidi, S.M.; Behjati, S. Large area multi-channel plasmonic absorber based on the touching triangular dimers fabricated by

angle controlled colloidal nanolithography. Opt. Laser Technol. 2018, 99, 203-213. [CrossRef]


http://doi.org/10.1021/nl9041033
http://doi.org/10.1063/5.0021187
http://doi.org/10.1021/acsphotonics.0c00439
http://doi.org/10.1002/adma.201502023
http://doi.org/10.1063/1.4757879
http://doi.org/10.1364/OE.20.024002
http://www.ncbi.nlm.nih.gov/pubmed/23188367
http://doi.org/10.1364/OE.25.019185
http://www.ncbi.nlm.nih.gov/pubmed/29041112
http://doi.org/10.1016/j.optlastec.2017.09.004

Nanomaterials 2022, 12, 289 90f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

Wu, J; Liang, Y.; Guo, J.; Jiang, L.; Dai, X.; Xiang, Y. Tunable and Multichannel Terahertz Perfect Absorber Due to Tamm Plasmons
with Topological Insulators. Plasmonics 2020, 15, 83-91. [CrossRef]

Kavokin, A.V,; Shelykh, I.A.; Malpuech, G. Lossless interface modes at the boundary between two periodic dielectric structures.
Phys. Rev. B 2005, 72, 233102. [CrossRef]

Kaliteevski, M.; Iorsh, I; Brand, S.; Abram, R.A.; Chamberlain, ].M.; Kavokin, A.V.; Shelykh, I.A. Tamm plasmon-polaritons:
Possible electromagnetic states at the interface of a metal and a dielectric Bragg mirror. Phys. Rev. B 2007, 76, 165415. [CrossRef]
Glukhov, I.A.; Dadoenkova, Y.S.; Bentivegna, FF.L.; Moiseev, S.G. Deterministic aperiodic photonic crystal with a 2D array of
metallic nanoparticles as polarization-sensitive dichroic filter. |. Appl. Phys. 2020, 128, 053101. [CrossRef]

Wang, X.; Liang, Y.; Wu, L.; Guo, J.; Dai, X.; Xiang, Y. Multi-channel perfect absorber based on a one-dimensional topological
photonic crystal heterostructure with graphene. Opt. Lett. 2018, 43, 4256-4259. [CrossRef] [PubMed]

Gao, H.; Li, P; Yang, S. Tunable multichannel optical absorber based on coupling effects of optical Tamm states in metal-photonic
crystal heterostructure-metal structure. Opt. Commun. 2020, 457, 124688. [CrossRef]

Folland, T.G.; Nordin, L.; Wasserman, D.; Caldwell, ].D. Probing polaritons in the mid- to far-infrared. J. Appl. Phys. 2019,
125,191102. [CrossRef]

Feng, K,; Streyer, W.; Zhong, Y.; Hoffman, A.]J.; Wasserman, D. Photonic materials, structures and devices for Reststrahlen optics.
Opt. Express 2015, 23, A1418-A1433. [CrossRef]

Juneau-Fecteau, A.; Savin, R.; Boucherif, A.; Fréchette, L.G. Tamm phonon-polaritons: Localized states from phonon-light
interactions. Appl. Phys. Lett. 2019, 114, 141101. [CrossRef]

Gao, W,; Hu, X;; Li, C,; Yang, J.; Chai, Z.; Xie, J.; Gong, Q. Fano-resonance in one-dimensional topological photonic crystal
heterostructure. Opt. Express 2018, 26, 8634-8644. [CrossRef]

Hu, J.; Liu, W,; Xie, W.; Zhang, W.; Yao, E.; Zhang, Y.; Zhan, Q. Strong coupling of optical interface modes in a 1D topological
photonic crystal heterostructure/Ag hybrid system. Opt. Lett. 2019, 44, 5642-5645. [CrossRef]

Wang, Z.; Ho, Y.-L.; Cao, T.; Yatsui, T.; Delaunay, J.-J. High-Q and Tailorable Fano Resonances in a One-Dimensional Metal-Optical
Tamm State Structure: From a Narrowband Perfect Absorber to a Narrowband Perfect Reflector. Adv. Funct. Mater. 2021,
31, 2102183. [CrossRef]

Qing, YM.; Ma, H.F,; Wu, L.W,; Cui, T.]. Manipulating the light-matter interaction in a topological photonic crystal heterostructure.
Opt. Express 2020, 28, 34904-34915. [CrossRef] [PubMed]

Peng, B,; Ozdemir, S.K.; Chen, W.; Nori, F; Yang, L. What is and what is not electromagnetically induced transparency in
whispering-gallery microcavities. Nat. Commun. 2014, 5, 5082. [CrossRef] [PubMed]

Palik, E.D.; Ghosh, G.; Prucha, E.J. Handbook of Optical Constants of Solids; Academic Press: Orlando, FL, USA, 1998.

Connolly, J.; Dibenedetto, B.; Donadio, R. Specifications of Raytran Material. In Proceedings of the Contemporary Optical Systems
and Components Specifications, Washington, DC, USA, 17-20 April 1979.

Li, K,; Fitzgerald, ].M.; Xiao, X.; Caldwell, ].D.; Zhang, C.; Maier, S.A; Li, X.; Giannini, V. Graphene Plasmon Cavities Made with
Silicon Carbide. ACS Omega 2017, 2, 3640-3646. [CrossRef]

Novotny, L. Strong coupling, energy splitting, and level crossings: A classical perspective. Am. |. Phys. 2010, 78, 1199-1202.
[CrossRef]

Torma, P.; Barnes, W.L. Strong coupling between surface plasmon polaritons and emitters: A review. Rep. Prog. Phys. 2015,
78, 013901. [CrossRef]

Agranovich, VM.,; Litinskaia, M.; Lidzey, D.G. Cavity polaritons in microcavities containing disordered organic semiconductors.
Phys. Rev. B 2003, 67, 085311. [CrossRef]

Salomon, A.; Gordon, R.J; Prior, Y.; Seideman, T.; Sukharev, M. Strong Coupling between Molecular Excited States and Surface
Plasmon Modes of a Slit Array in a Thin Metal Film. Phys. Rev. Lett. 2012, 109, 073002. [CrossRef] [PubMed]

Ruppin, R.; Englman, R. Optical phonons of small crystals. Rep. Prog. Phys. 1970, 33, 149. [CrossRef]

Englman, R.; Ruppin, R. Optical Lattice Vibrations in Finite Ionic Crystals: I. J. Phys. C 1968, 1, 614. [CrossRef]

Fuchs, R.; Kliewer, K.L. Optical Modes of Vibration in an Ionic Crystal Slab. Phys. Rev. 1965, 140, A2076. [CrossRef]

Passler, N.C.; Gubbin, C.R.; Folland, T.G.; Razdolski, I.; Katzer, D.S.; Storm, D.E,; Wolf, M.; de Liberato, S.; Caldwell, J.D.;
Paarmann, A. Strong Coupling of Epsilon-Near-Zero Phonon Polaritons in Polar Dielectric Heterostructures. Nano Lett. 2018, 18,
4285-4292. [CrossRef]


http://doi.org/10.1007/s11468-019-01011-x
http://doi.org/10.1103/PhysRevB.72.233102
http://doi.org/10.1103/PhysRevB.76.165415
http://doi.org/10.1063/5.0008652
http://doi.org/10.1364/OL.43.004256
http://www.ncbi.nlm.nih.gov/pubmed/30160765
http://doi.org/10.1016/j.optcom.2019.124688
http://doi.org/10.1063/1.5090777
http://doi.org/10.1364/OE.23.0A1418
http://doi.org/10.1063/1.5089693
http://doi.org/10.1364/OE.26.008634
http://doi.org/10.1364/OL.44.005642
http://doi.org/10.1002/adfm.202102183
http://doi.org/10.1364/OE.405434
http://www.ncbi.nlm.nih.gov/pubmed/33182948
http://doi.org/10.1038/ncomms6082
http://www.ncbi.nlm.nih.gov/pubmed/25342088
http://doi.org/10.1021/acsomega.7b00726
http://doi.org/10.1119/1.3471177
http://doi.org/10.1088/0034-4885/78/1/013901
http://doi.org/10.1103/PhysRevB.67.085311
http://doi.org/10.1103/PhysRevLett.109.073002
http://www.ncbi.nlm.nih.gov/pubmed/23006365
http://doi.org/10.1088/0034-4885/33/1/304
http://doi.org/10.1088/0022-3719/1/3/309
http://doi.org/10.1103/PhysRev.140.A2076
http://doi.org/10.1021/acs.nanolett.8b01273

	Introduction 
	Structure and Theory 
	Results and Analysis 
	Exciting of OTS and TPhP Modes 
	Coupling of OTS and TPhP Modes 
	Multi-Channel Adjustable Absorber 
	Influence of Incident Angle on Absorption Spectrum 

	Conclusions 
	References

