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Abstract: Surface plasmon polaritons (SPPs) with noble metals lose the capacity to confine
the optical field in the long wavelength region, while surface phonon polaritons (SPhPs) in
polar dielectrics show greater ability to achieve high local field, sub-diffraction confinement,
and low optical losses in the mid-IR to THz spectral ranges. We propose a hybrid structure
based on SPhPs mode with Csl and SPPs mode with graphene in THz spectral ranges.
The characteristics of the coupling of these two modes have been analyzed and strong cou-
pling has been confirmed theoretically. The results are applied to an intensity-interrogated
terahertz sensor; the highest imaging sensitivity as high as 954 RIU~" and a large figure of
merit of 74 740 RIU~" have been demonstrated. The results could find potential applications
in gas detection in the THz band.

Index Terms: Surface plasmon resonance, surface phonon polaritons (SPhPs), terahertz
sensor, graphene.

1. Introduction

Terahertz (THz) wave is considered as the frequency of electromagnetic wave ranging from
0.1-10 THz (wavelength 30 ©xm-3 mm). Its long waveband is connected with a millimeter wave
(sub-millimeter wave) and the short waveband is connected with infrared (far-infrared). Terahertz
waves have a wide range of applications due to their unique “fingerprint” properties, transient
nature, high penetration, broadband, coherence, and low energy characteristics, such as in com-
munications, radar, and astronomy, medical imaging, biochemical identification, materials science,
security inspections and other fields [1]-[4]. However, similar to other electromagnetic spectrums,
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the diffraction limit problem of terahertz waves also restricts the miniaturization and integration of
terahertz photonic devices. To emphasize an important point, the binding ability of surface plasmon
wave is weak at the simple metal/medium structure in the Terahertz band, which is almost identical
to free-propagating electromagnetic waves, they do not have the ability to overcome the diffraction
limit. It is necessary for us to look for alternatives due to this point, such as metal superstructure
materials, two-dimensional Dirac materials, and other types of surface polarization, for instance,
surface phonon polariton.

It is known that phonon polariton is caused by the coupling between the phonon and electromag-
netic field (photon). As one of the three main types polaritons: plasmon polariton, exciton-polariton
and phonon polariton [5], whether or not an electromagnetic field is applied, the phonon-polariton
is the intrinsic mode of polar materials. The fundamental natural lattice vibration frequency (7o) of
the actual crystal is generally located in the 10'>~10"* THz range (corresponding the mid-infrared
and terahertz spectrum), but the response of natural materials in terahertz band is very limited,
such as GaAs, InP, CaF, and so on [6]-[8]. On the one hand, surface phonon polariton behaves
the function of overcoming the electromagnetic wave diffraction limit in mid-IR and terahertz waves.
On the other hand, surface phonon polariton performs best in the aspect of low loss. The life of the
surface polariton depends on the life of the polariton, and the lifetime of surface phonon polariton
mode is one to two orders of magnitude longer than that of surface plasma polariton mode. From
this point of view, the low loss of surface phonon polariton makes the application prospect more
attractive.

Surface plasmon polariton (SPP) is a type of elementary excitation which is contributed to the
electromagnetic wave resonates with the charge oscillation on the surface of the material. Over
the past few years, the research of SPP chiefly centers on precious metals, for instance, gold
(Au) and silver (Ag) can excite SPP in the visible and NIR (near-infrared) band due to the collective
oscillation properties [9]-[11]. It is fewer for the research of SPP device in mid-infrared and terahertz
spectrum, the vast majority of the researcher make a great endeavor in designing a high tunability
and low losses and good performance SPP devices. In recent studies, researchers have proved the
existence of SPP for graphene and its micro-nano structure turn into a rising star in the terahertz
spectrum [12], [13]. As is known to all, metal can support SP mode only the real parts of permittivity
is negative, according to the dielectric constant of graphene [14], graphene has negative permittivity
when the imaginary component of conductivity is positive, which has many potential applications in
Surface plasmon resonance (SPR) sensor. For example, Triranjita Srivastava et al. proposed SPR
gas sensor based on graphene in the THz band, this design can obtain maximum sensitivity (S)
52.7°/RIU [14]. Xiang et al. design a different structure for graphene-based terahertz gas sensor
and get the highest sensitive 147°/RIU [15]. Comparing to noble metals, graphene has excellent
optical performance and lower losses than metal in the THz band [16].

In this article, we propose the hybrid structure based on SPhP mode and SPP mode and realize
the strong coupling between two different modes. The research about the coupling between different
electromagnetic modes has learned more in the visible and THz band, such as Fano resonance
based on graphene (SPP mode) and planar waveguide mode (PWG mode) [17], [18], strong
coupling between PWG mode and long-range surface (LRSPP) [19] and so on. The two modes
may couple together when the wave vector of SPhP mode (supported by the Csl) close to the SPP
mode (supported by the graphene). We calculate the reflectance spectrum numerically and find
that there is a narrow resonance and broad resonance on it at the same time. This phenomenon is
called normal-mode splitting [20], which signifies the strong coupling SPhP mode and SPP mode.

2. Design Consideration and Theoretical Model

The proposed structure exhibits in the elementary diagram Fig. 1(c), we choose the Kretschmann
configuration and the Germanium (the refractive index n, = 4) as the coupling prism. The cesium
iodide (Csl) layer is deposited onto the coupling prism, the coupling layer Air (the refractive index
nair = 1) is between Csl layer and few-layer graphene (FLG), the yellow block represents the Csl
layer. Fig. 1(a) is the traditional surface phonon resonance sensor based on Csl. Fig. 1(b) is the
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Fig. 1. (a) and (b) are the structure of SPhP mode based on Csl and SPP mode based on graphene.
(c) The elementary diagram of the proposed terahertz sensor.

surface Plasmon resonance sensor based on graphene. As we think, it will be possible to realize
the coupling of two modes of SPhP and SPP only if we choose the appropriate materials and the
thickness of the coupling layer. Firstly, we need to verify that the two modes can be coupled by
employing a monolayer graphene (MLG). In the theoretical simulation, we use the Fermi energy of
graphene as Er = 0.85 eV and the thickness of Csl as dcg = 10 um.

We use the experimental date of cesium iodide as the calculation of the paper, the complex
permittivity of Csl is given by [21]:

2
(W) = o + (Estat — € - , 1
(@) = eco + (Esta oo)(w%o—a)z—lwrro) ()

where e, = 3.17, egat = 6.03, wro = 27 x 1.8 x 10'? rad/s, and I'rp = 0.3 x 10" rad/s, and the
dispersion relation of SPhP mode can analogous to SPP mode, which can be defined as:

w \/ £cs1 () 2air ()

Kopp (@) = ecst (@) + eair (@)

)

the angle frequency is w, and light velocity is ¢ in a vacuum.

We know the complicated surface conductivity o (w, u, I', T) of graphene is composed of two
parts o = ointra + 0inter (COrresponding to intraband and interband), which can be deduced by Kubo
formula [22]-[24].

Arh

In this article, we set the phenomenological relaxation time as = 0.1 ps, other parameters can
be derived from references. For all we know that graphene can support TM SPPs and behave
metal properties only the imaginary component of conductivity is positive.The SP dispersion of
air-MLG-sensing medium system can be deduced as [25], [26]:

62K5T Er _EF
intra = 2 KT + 1 3
Ointra I7ﬂi2(a)~|—ir) |:KBT +2In(e %57 + ):| ) (3)
- 2EF — (w+iT)h
Uinter=/—n‘¥‘, (4)

2EF + (w+it)h

n12 n22 io
k1 kz wEeQ

where ki = ,/k§p - n?kg and i = {1.2} is the transverse wave number of SPPs.

For calculating the variation of reflectivity of the designed multilayer configuration, we can obtain
the angular spectrum after calculation and theoretic modeling from Fresnel equations and the
transfer matrix method (TMM) [9], [27], 28], which is a function of the angle of incidence 6;,. We
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Fig. 2. (a) The real and imaginary parts of the permittivity of Csl. (b) The dispersion relationship of
Phonon polariton for Csl for bulk and surface phonon polaritons (corresponding to the green and red
line). The black lines correspond to the frequency locations of the LO and TO phonon frequencies. The
yellow areas denote the reststrahlen band and the orange dashed line corresponds to the dispersion
of photons in the air, the blue and pink line (the high and low-frequency limit of Csl) are provided for
comparison.

can see from the proposed configuration, all layers are stacked along the direction perpendicular
to the prism, and each layer is defined by the thickness, refractive index, and dielectric constant,
respectively. Therefore, we employ the TMM to analyze the reflectance of the incident TM-polarized
light. We employ a sensitivity by the intensity in this article, which is defined as S = dR,/dns [29], For
the fixed change of the refractive-index Ans, the larger AR, is, the larger the sensitivity S'is. In the
final, we also discuss the full width at half maximum (FWHM), detection accuracy (DA = 1/FWHM)
and the figure of merit (FOM = S-DA) to define the performance of the proposed structure [30].

3. Numerical Results and Discussions

The real and imaginary parts of the dielectric functions curves of Csl, following the mode of [21]. The
existing condition of the surface polaritons is that the real part of the dielectric function supporting
the materials on both sides of the surface polariton is opposite sign, and the real part of the negative
dielectric function is usually accompanied by the dielectric anomaly [31]. We could find the surface
phonon polariton can be generated when the real part of Csl dielectric function from Fig. 2(a).
Fig. 2(b) is the schematic diagram of the dispersion of phonon-polariton, we can see the picture is
divided into phonon like area and photon area firstly, the most notable feature is the electromagnetic
waves cannot propagate in crystals within the limit of frequency band wrp and w,p, w0 and w;p are
the longitudinal and transverse optical phonon frequencies, respectively, the relationship between
them can be defined as the function of high-(s,,) and low-frequency (so), which is (wio/wr0)? =
£0/€c0, dielectric function is negative and the wave vector is imaginary number in the wave or
frequency band, external radiation incident on the crystal is completely reflected in this frequency
range If we neglect damping effect, this frequency range is known as reststrahlen band. We can
take advantage of this feature to get quasi-monochromatic light and attribute this effect to enter the
artificial band gap ranks with photonic crystal and photonic crystal.

Before starting work, it is necessary for us to prove whether the two modes can be coupled and
plot the effective refractive index varying with E¢ in Fig. 3(a). We could see the orange straight
line corresponds to the configuration of Ge prism-Csl-air because the effective refractive index
of Csl doesn’t change with Er. The black dashed line corresponds to the structure of Prism-
Air-MLG-sensing medium and demonstrates graphene with excellent tunability in the THz band.
We can see from the diagram that two lines intersect at a point when Ef is 0.85 eV (he source
excitation frequency is 2.3 THz), which means the two modes can be coupled. Then we plot the
angular spectrum of reflectance solely graphene SPP and Csl SPhP mode (the inside figure is
corresponding to the excitation structure) in Fig. 3(b) and 3(c), we’re moving two resonant angles
into the adjacent area (shown as point B and A). When these two modes are coupled, it is found
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Fig. 3. (a) Effective refractive indices of sole SPhP for Csl mode (orange line) and graphene mode
(black dashed line), and the coupling of Csl with graphene mode resulting two branches (blue dotted
line). Adjust the resonant angles of the two modes of MLG and Csl separately and make them at
the near position, when Ef = 0.85 eV, f = 2.3 THz, daj = 20 um, and dcg = 10 um, the inside figure
corresponds to the structure respectively, (b), (c) and (d) is the angular spectrum of sole graphene SPP
and sole Csl SPhP and the coupling of two modes.

that there are two resonances (15.2° and 28.9°) on the reflectance spectrum, one resonance
angle is narrow and the other is broader as Fig. 3(d) shown, and both of them deviate from the
original resonance position (correspond the point A and B). This phenomenon is known as normal-
mode coupling or splitting. In Fig. 3(a), the anti-crossing curve (blue dotted lines) is calculated by
measuring the resonant angles, which is the corresponding to the narrow and broad resonance in
Fig. 3(d). It is obvious that the narrow resonance is highly sensitive in the variation of substrate-
specific refractive power.

After realizing the excitation of sole SPhP mode and SPP mode by theoretical simulation, we
find out the two modes can be coupled together resulting in a narrow and a broad branch, then
should further illustrate the origin of the four dips denoted as “A”, “B”, “C” and “D” in Fig. 3 and
plot the distribution of the electric field. It is distinctly different from the distribution profile that the
distribution electric field concentrates within a certain region. The Fig. 4(a) and 4(b) corresponds
to the dip “A” and “B”, figure exhibits that large electric field enhancement firstly appears around
the Csl-Air layer surface and Air-graphene-air surface then decreases exponentially far from the
interface respectively, which has shown the excitation of SPP and SPhP modes. The Fig. 4(c)
and 4(d) corresponds to the dip “C” (narrow branch) and “D” (broad branch), the field intensity has
significant enhancement in the surface of Csl-Air and Air-graphene-air from the picture (c), which
results in the narrow branch after the two modes couple together. We can clearly see that the
field strength of Csl is much larger than graphene, we know the reason for the enhancement of
SPP due to the enhancement of the electric field, the sensor will be sensitive in the variation index
of refraction of the substrate, on account of the small change of the refractive index of sensing
medium near the interface may result a larger change in the characteristics of surface wave, then
the strength of the electric field will be changed [32], [33]. The broad branch originates large loss
of Csl.

After figuring out the two modes (SPhPs mode and SPPs mode) can be coupled together and
the origin of narrow and broad resonance, we should optimize the parameters of a proposed
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Fig. 4. The electric field distributions along the direction perpendicular to the prism for SPhP mode of
(a) Csl and SPP mode of (b) graphene; electric field distributions at (c) = 15.2° and (d) 6 = 28.9°
when Csl is coupled with grapheme.

multilayer structure in order to gain the best performance. It is known to all that the dielectric
layer thickness is also an important factor to affect the performance of the proposed configuration,
therefore discuss the influence to constantly change the thickness of da;;. We could suppose that
the coupling between two modes was impossible to happen when the coupling layer with huge
thickness, if we bring the two modes closer together we could discover a narrow resonance and a
broad resonance, and continuing to decrease the coupling layer, we can find the narrow resonance
become narrower, meanwhile, the broad resonance disappears (means becoming much broader)
in the angular spectrum from the Fig. 5(a). The enlarge figure with the incident angle changing 14.7°
from 15.8°in Fig. 5(b). Fig. 5(c) and 5(d) shows the variation of the FWHM, DA, sensitivity, and FOM
with the decreasing of the thickness of the coupling layer for the proposed configuration. It illustrates
that FWHM (Fig. 5(c)) is narrower and narrower with the decreasing coupling layer thickness, thence
a larger DA (Fig. 5(b)) can be obtained. Although Fig. 5(d) has shown the decrease of sensitivity
with the increase of dielectric thickness, while FOM for the proposed SPR sensor is enhanced due
to the large DA.

Moreover, the layer of graphene is also an important factor to affect the performance of the
proposed structure. Here, we regard individual graphene sheet as a non-interacting monolayer and
the optical conductive of the few-layer graphene (FLG) is No, where N is the number of layers (N <
6) and then we plot the variation of FWHM, DA, sensitive and FOM with the changing thickness of
coupling layer and different graphene layer [24]. It illustrates that FWHM (Fig. 6(a)) is narrower and
narrower with the increasing graphene layer and decreasing dielectric thickness, thence a larger
DA (Fig. 6(b)) can be obtained. The sensitive (Fig. 6(c)) get maximum value When graphene layer
N = 5 and the thickness of coupling layer is daj = 0 um, which suggests that the coupling layer (Air
layer) is an assumption and inexistent, and the FLG can be directly coated on the surface of Csl
layer. In the finally, a large FOM as high as 74740 RIU" can be received.

It is all known that refractive index of sensing medium may have a slight change when there are
chemical reaction and biological action in sensing medium. Fig. 7(a) and 7(b) show the variation
of FWHM, DA, sensitivity, and FOM with the refractive index of sensing medium change from 1.00
to 1.08 for dajr = 0 and graphene layer N = 5. It clear illustrates that FWHM is becoming broader
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Fig. 6. (a) Variation of the (a) FWHM, (b) DA, (c) sensitivity and (d) FOM with the increase of dielectric
thickness for the proposed structure for different graphene layer N = 2,3,4,5.

with the refractive index of sensing medium change from 1.00 to 1.08, while DA, sensitivity, and
FOM can be decreased with the increasing RI of sensing medium. And we believe that this novel
structure based on strong coupling between different modes can play an important role in THz
optical sensing technology.

In the final section, it is listed some of the recent work about related materials and coupling
between two different modes in the Table 1. A high figure of merit (FOM) 74740 can be obtained
for the proposed structure. With such excellent performance, we believe that this scheme could be
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TABLE 1
Sensitivity Comprise With Recent Work

Ref Frequence (THz) Maximum FOM (RIU")
Wang et al. [18] 28.3 140
Srivastava et al. [14] 5.0 741
Zheng et al. [34] 27.8 72160
Proposed scheme 2.3 74740

found potential applications in the chemical examination, medical diagnosis, and biological detection
etc.

4. Conclusion

In conclusion, we proposed a well-designed intensity-interrogated terahertz sensor based on the
Kretschmann configuration consisting of a germanium prism and multilayer thin film, to realize the
strong coupling between two different modes. Based on the numerical analysis, the highest imaging
sensitivity of 954 RIU~" is realized for our design structure. We firstly employ the method of the
effective refractive index to verify the coupling between different modes and then research the origin
of the resonance dip by plotting the electric field distributions. In the final section, we optimize the
structure to get satisfying performance parameters of the proposed structure. We hope that our
novel designs could play a significant role in optical sensing technology in terahertz band.
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