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Abstract: In this paper, we propose a high-performance refractive-index sensor at a near-infrared
band based on a hybrid Tamm structure. The optical properties of this graphene-based hybrid
Tamm plasmonic structure are analyzed and investigated by using the transfer matrix method
(TMM). Due to the excitation of the guide mode resonance (GMR) and Tamm plasmon polariton
(TPP) resonance, the structure can realize multi-channel perfect absorption. This structure can be
utilized as a refractive index sensor because the position of the absorption peak is sensitive to the
refractive index of the ambient layer. Therefore, we obtain the sensitivity to 950 nm per refractive
index unit (nm/RIU) and figure of merit (FoM) of 161 RIU™! after studying the performance
under different structural parameters. We believe that the proposed configuration is expected
to be used to manufacture high-performance biosensors or gas sensor devices and other related
applications in the near-infrared band.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Tamm plasmon polariton (TPP) is a unique surface mode that is supported at the interface of a
metal film and distributed Bragg reflector (DBR), which exhibits a decaying field envelope in
metal as well as in th DBR [1]. It has intriguing characteristics like light control and operation,
so it is widely used in the design of new generation photonic devices [1-5]. TPP was predicted
as early as 1932 [2], and the existence of Tamm state in superlattice was first confirmed in 1990
[3]. Subsequently, Kavokin et al. firstly proposed optical TPPs in 2005 [4]. Unlike surface
plasmon polariton (SPP), with the dispersion within the light cone, TPP can be directly excited
by both TM- and TE- polarized light from free space, without the need for a specific incident
angle or dispersion regulator [1,4]. And the spectral width of TPPs is very narrow, which is one
order of magnitude smaller than that of SPPs. Therefore, TPP has a larger resonance mode when
the local field is enhanced. In addition, TPP has very low transmission loss and high-quality
factor, which is very suitable for optical modulation and sensitive detection [5,11-14]. The
application of TPPs for refractive index sensors has been demonstrated [6-9]. Applications of
TPP-based refractive index sensors for fluid detection and temperature sensing are presented in
Refs. [10,11], respectively. Also, TPP resonance modes have been used in combination with
propagating surface plasmonic modes to improve the performance of refractive index sensors
using near-infrared multimode optical fibers [12,13]. And some researchers have studied the
application of magneto-optical optical Tamm state in detection [13—11].

Graphene, an attractive, atomically thin carbon material that can replace metals, has shown a
plasmonic reaction in the infrared region, featuring a greatly enhanced electric field and ultra-fast
optical tunability [15—19]. Surface plasmons (SPs) in graphene are electromagnetic waves that
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propagate along the surface of the graphene due to the infrared light-induced oscillation of
surface charges, which can effectively enhance optical absorption [20-23]. To better improve
the light absorption performance of the graphene monolayer, a simple method of guided mode
resonance (GMR) can be introduced to maintain SPs [15-24].

In this paper, we first studied a dual-Tamm structure to achieve a multi-channel absorption
effect by using TPP resonance. Then, due to the excellent optical and electrical properties of
graphene, we combine graphene-based grating with the dual-Tamm structure and introducing
GMR resonance to achieve absorption effects of different modes. Moreover, the TPP resonance
frequency is sensitive to the change in the ambient refractive index of the Tamm structure. The
sensitivity and figure of merit (FoM) of this device as a sensor can reach 950 nm per refractive
index unit (nm/RIU) and 161 RIU™!, respectively. Compared with the previous near-infrared
sensor, the performance of this sensor has been improved, indicating that it is a simple alternative
to the previous high-performance and complex structures.

2. Structure and theory

As shown in Fig. 1(a), the symmetric dual-Tamm structure proposed in this paper contains two
identical Ag-DBR structural units. The Ag-DBRs of the two Tamm units is connected to form a
symmetric structure. The TE wave (the electric field is parallel to the x axis) incident vertically
from the left side of the model structure along the z axis. The whole structure from left to right is
Ag-DBR-DBR-Ag structure and a thin layer of ZnO and Ag substrate. The thickness of ZnO is
12 nm. The thickness of the silver substrate must be far greater than the transmission depth of the
incident wave to make the transmitted light zero. In the Ag-DBR-DBR-Ag structure, the metal
material is Ag, whose thickness is #,,=27 nm. The dielectric constant is expressed by Drude
model [16]:
wp Ax Q2 |

w? +ivy (W2-QY)+iT’ M
where £,,=2.4064 is the dielectric constant when the incident light frequency w tends to infinity,
w,=27Xx2214.6x10'> Hz, y=21x4.8x10'? Hz are plasma frequency and collision frequency
respectively. 4=1.6604 is the weight coefficient of the Lorentz term. Q=27x620.7x10'? Hz is
the intensity of Lorentz resonator, I" = 27tx1330.1x10'2 Hz is the spectral width of vibration.

The single DBR structure consists of low refractive index silica (SiO,) and high refractive
index titanium dioxide (TiO,) alternately, and the period number is N. The refractive index
of the two materials are n,=1.45 and n,=2.6, respectively. The thickness of SiO, and TiO,
layer satisfies Bragg reflection condition: dy=Awm /4n,, dp=2Am /41, where Ay=1700nm is the
central wavelength of DBR. Since the TE polarized light is incident from the left side, in order
to effectively excite TPP, the material with high refractive index should be selected to connect
with the metal. Therefore, the material connected with the Ag layer is TiO, layer with =136 nm.
This structure can effectively stimulate the TPP mode.

Figure 1(b) shows the three absorption peaks of TPP mode generated by the structure when
N=3, and the TPPs mode will also be coupled with each other. The wavelengths of the three
TPP peaks in this band are 1606 nm, 1682 nm, and 1784nm, respectively, whose corresponding
absorption rate is 93.907%, 99.822% and 91.128%. Figure 1(c) is the electric field distribution
corresponding to the three absorption peaks of TPP mode. It can be seen from Fig. 1(c) that a
strong TPP constraint electric field is formed between the Ag film and DBR, which constrains the
energy in the structure and improves the absorption capacity of the structure. Figure 1(d) studied
the influence of the number of periods N in the DBR structure on the multi-peak absorption
spectrum. When N=3, there are three almost completely TPP absorption peaks at 1500~1800nm.
With the increase of N, the absorption peaks on both sides move to the center. When N>5, the
left Tamm peak gradually weakens, and until N=7, the left TPP peak basically disappears. When
N>09, the right resonance peak becomes smaller, until N=14, the right resonance peak disappears,
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Fig. 1. Design parameters and performance of symmetrical dual-Tamm structure. (a)
Dual-Tamm structure. (b) Absorption spectrum of incident light wave in near-infrared band.
(c) Electric field distribution in the structure at three absorption peaks wavelength. (d) Effect
of different DBR period number N on the absorption spectrum in the structure.

and there is only an intermediate resonance peak in this structure. Therefore, TPP resonance
peaks can be adjusted by changing the period number N of DBR in the structure.
The transmission characteristics of the Ag-DBR-DBR-Ag part of the structure can be analyzed

by the transmission matrix method (TMM) [17]:
Eowt = ME;y, )

where E,y is the electric field of the output light, Ej, is the electric field of the incident light, M
is the light transfer matrix in the structure, which is expressed as follows:

My Mi N N
M= = mymp(Mmsjo, MTi0,)" (MTiO, MSi0,)" MpMye 3)

My Mp

where mag, mp, msioz and mTio2 are the transmission matrix of light passing through each layer,

and N is the period number of DBR.
The transmission matrix of incident light in each layer can be expressed as

cosd;  —ip;lsind;
m; = CooTheene 4)
—ip; sin 6; Cos 0;

where 0= (2n/A)n;dicosé;, nid; is the optical thickness of the corresponding layer, 6; is the angle
between the light in the dielectric layer and the normal direction of the interface, and A is the
wavelength of the incident light.
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When the incident light is incident with TM or TE polarization, the corresponding p; has the
following formulas:

Di-tm = i\ o/ cos b; 5)
Pi-TE = Ni\J&opo cos 6; (6)

where i =mag, mp, msioz Or mtio2, €0 and g are the permeability of vacuum dielectric constant
and vacuum dielectric constant respectively.
The reflection coefficient r and the transmission coefficient t of light can be expressed as

_ ‘(Mu + Mi2)po — (M1 + Mxp;) D
(My1 + M12)po + (Ma1 + Mayop;)
2
= ‘ 20 ®)
(M1 + Mopi)po + (Mo + Myp;)

where subscript 0 represents the incident space, and subscript ¢ represents the transmission space.
Therefore, the reflectivity R and transmittance T of the optical absorber can be calculated by the
following formula:

R=r* 9)
T=Lp (10)
Po

Therefore, the absorption rate can be calculated by A=1-R-T. Because the bottom of the
structure is Ag material, the transmittance T of the structure is basically zero, and the simplified
absorption formula is A=1-R.

Figure 2 discusses the influence of structural parameters on the resonant peak. We define the
thickness of TiO; layer which intersects with Ag layer as d. It can be seen from Fig. 2(a) that
with the increase of d, the three resonance peaks have undergone relatively obvious red shifts.
By comparison, it can be concluded that the three peaks at d=136 nm have better comprehensive
absorption effect and higher absorption. Therefore, the structural parameters are d=136 nm. It
can be seen from Fig. 2(b) that with the increase of Ag layer thickness f,, the three absorption
peaks have a very slight red shift, which can be ignored, but the first resonance peak decreases
slightly. Therefore, considering the peak of the three resonance peaks, #,=27 nm is selected as
the silver layer thickness of the structure.
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Fig. 2. Influence of structural parameters of materials on both sides of the TPP occurrence
interface on these three absorption peaks. (a) Effect of thickness of TiO; layer adjacent to
DBR on absorption. (b) Effect of Ag thickness on absorption.
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3. Results and discussion

Figure 3(a) shows a hybrid Tamm structure of the absorber with a graphene-based grating added
onto the basic structure. The structure has two different resonance modes to achieve multiple
absorption peaks. In addition to enhancing the absorption of GMR peaks, the graphene monolayer,
sandwiched between the grating and a dielectric layer of SiO; can increase the tunability of
the structure. Here we set the grating constant (also called the grating period) P=1.15 um, the
thickness and width of the opaque part are 7=0.4 um and W=0.25 um respectively, and the
dielectric matching layer thickness d=1 pum. The excellent photoelectric properties of graphene
have been verified in many studies. Usually, the default graphene monolayer is a kind of ultrathin
layer, its thickness is T;=0.34 nm [18], its dielectric constant can be calculated by the following

formula [19,20]: .
o

D

gg=1+ ,
weply
where o is the surface conductivity of graphene, w is the incident wave, and &g is the vacuum
dielectric constant. Since the chemical potential y. has a great influence on the dielectric constant,
we set the chemical potential of 0.3 eV in this work. Moreover, according to the characteristics
of graphene in the near-infrared band as a lossy material, GMR can be used to enhance its
absorption [21-23]. At the same time, the GMR mode excited by grating can be coupled with
the TPP mode excited in Tamm structure [24].
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Fig. 3. The design and simulation results of the hybrid Tamm structure with graphene-based
grating. (a) The structural parameters of the hybrid structure. (b) The theoretical F-P cavity
model is related to TPP mode. (c) The absorption spectrum under the excitation of TM/TE
wave. (d) The electric field distribution corresponding to the four absorption peaks excited
by the TE wave.

Figure 3(b) exhibits the F-P cavity resonance theoretical model of Tamm plasma resonance
[25]. Figure 3(c) shows the absorption spectra generated under normal incident TM and TE
polarized light, respectively. The electric vector of the incident light parallel to the incident
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plane is TM polarization, and it is TE polarization if the electric vector of the incident light
is perpendicular. Here we consider the x-z section in the COMSOL simulation. So we set
the electric field component in the x and z directions to indicate TM polarization, and set
the out-of-plane electric field component in the y-direction to indicate TE polarization. The
purple line spectrum demonstrates that there are three obvious TPP resonance peaks at 1606 nm,
1682 nm, and 1784nm, corresponding to Tamm states, respectively. The yellow line spectrum
illustrates that there is a GMR peak at 1524 nm on the left side of the three TPP peaks, and the
absorption efficiency of these four peaks is close to the perfect absorption. After calculation and
simplification, the incentive condition should meet the following condition [26]:

ryrpar exp(2id) = 1, (12)

where ry is the amplitude reflection coefficient of the wave incident by the DBR on the silver
layer, and rv=(ny-n,)/(ny1,) is given by the Fresnel formula. rppr is the reflection coefficient
of incident wave on DBR, which can be calculated by TMM theory. ¢ is the phase transition
between interfaces. Taking 0=0, the three theoretical resonance wavelengths (1606 nm, 1682 nm
and 1784nm) are the same as the numerical results under TE polarization.

This phenomenon can be explained by GMR and Tamm plasmon theory. The GMR wavelength
should meet the phase matching:

2
kemr — ko sin =m7”, (13)

where kgmr = ko e is the wave vector of the guided mode, and n.g is the effective refractive
index of the guided mode. A is the wavelength, ko is the wave number, kp=27/1, m is the
diffraction level. In particular, when 6=0, m=1, the above formula can be simplified as A=n.g-P.
The electric field distribution wavelength at resonance formation is shown in Fig. 1(c). We can
see the resonance mainly occurs in the SiO; layer and form a typical standing wave profile. This
is to say, GMR will occur if the incident wave is well coupled to the leakage-oriented mode.

To further illustrate the role of TPP in the system model, in Fig. 3(d), we compare the |E|
distribution in z-direction at 1606 nm, 1682 nm and 1784nm, respectively. It is found that the
three TPPs form a strong TPP-constrained electric field between the silver film and DBR, which
greatly reduces the reflection light and enhances the absorption of the system. Among them,
TPP I and TPP III also formed a strong TPP-constrained electric field between the two DBR
structures, and also played a certain role in strengthening.

After obtaining a four-channel perfect absorption structure, we studied the performance of
the structure as a refractive index sensor. We explore the sensitivity and quality factor (FoM)
of the sensor structure. The refractive index sensitivity S is an important index to measure the
sensor, which is defined as the offset of resonant wavelength corresponding to the change of unit
refractive index, and the expression is [27]:

A/lres
S= A 14)
where Al is the variation of resonant wavelength and An is the variation of refractive index. In
addition, the FoM is another indicator to evaluate the performance of the sensor. The larger the
index is, the better the sensing performance is. The expression is [28]:

S

fFWHM’

Sfrom

5)

where frwiwM is the full width of half peak of resonance peak and S is refractive index sensitivity.
For the structure of this paper, the excitation mode of hybrid graphene-based grating is GMR
mode, and the excitation mode of Tamm structure is TPP mode. Therefore, for the GMR peak,
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the SiO2 substrate in the grating part of the structure is selected as the ambient layer, whose
refractive index is redefined as nA1. And for the TPP peak, the TiO2 layer connected with the
Ag layer is selected as the ambient layer, whose refractive index is redefined as nA2. When
the refractive index of the ambient layer changes due to changes in the sample concentration or
substance, it can be seen in Fig. 4, GMR peak and TPP peaks have different degrees of red shift.
This clearly shows that as the expected performance of the self-reference refractive index sensor,
the resonant peak is sensitive to the change of the ambient refractive index.
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Fig. 4. Effect of refractive index change of the ambient layer on the absorption peak. (a)
Effect of refractive index change of corresponding ambient layer on GMR peak. (b) Effect
of refractive index change of corresponding ambient layer on TPP peak.

At the same time, the position of the other resonant peak remains unchanged, which can
provide the reference frequency. In practical sensor applications, once the structure is designed,
the refractive index of the dielectric layer will no longer change. So our proposed sensor structure
diagram are shown in Fig. 5. The incident light enters the grating from the left at a certain angle,
and the refractive index of the ambient layer changes with the change of the injected gas or liquid
sample concentration, thereby affecting the overall absorption spectrum.

Flow in Flow in
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EENGlass 3 ZnO @ Sample [ ® | Sample layer EEEGlass 1 ZnO @ Sample [ ® | Sample layer

Fig. 5. (a) A schematic diagram of the application after sampling the grating medium
layer as the structure of the ambient layer. (b) A schematic diagram of the application after
sampling the high refractive index layer near the top Ag layer in the Tamm structure as the
ambient layer structure.

After determining that the structure can be used as a refractive index sensor, we studied the
influence of its structural parameters on the sensor performance. Since the generation mechanisms
of GMR and TPP absorption peaks are different, this paper discusses them separately. For grating,
we change the duty ratio by changing the parameter W. Figure 6(a) is the influence on GMR.
It can be seen that when W decreases, the peak of GMR has slightly blue shift, and the offset
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decreases with the increase of W. Figure 6(b) depicts the sensitivity and FoM for different W
values. It can be concluded that the grating duty ratio does not affect the sensitivity of GMR peak,
and the sensitivity is stable at 950 nm/RIU. In addition, the grating duty cycle, which changed by
W, affects FoM.
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Fig. 6. (a) Effect of graphene grating parameters W on the single-channel excited by GMR
in the sensor. (b) Effect of graphene grating parameters W on the sensitivity and quality
factor of the GMR peak of the sensor.

We studied the effects of central wavelength parameters Ay; and ambient layer thickness d; on
TPPs peak in Tamm structure. As shown in Fig. 7(a), when the central wavelength Ay increases,
the three TPP absorption peaks all move blue and the peaks are almost unchanged, but the degree
of movement is slightly different, so the sensing performance of the three peaks can be compared.
In Fig. 7(b), with the increase of ambient layer thickness d, the three TPP absorption peaks also
have a blue shift, especially peak 2 and peak 3 moved to a larger extent.
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Fig. 7. Fig. Influence of structural parameters of DBR on sensor performance. (a) Influence
of central wavelength Ay, which totally decide DBR structure parameters, on three channels
excited by TPP mode in sensor. (b) Influence of thickness of ambient test layer d| on three
TPP peaks in sensor

The sensor sensitivity and FoM for different Ay and d; are plotted in Fig. 8. And Fig. 8(a)
shows the sensitivities of the three TPP peaks at different Ay;. It can be seen that sensitivity of
peak 2 is slightly optimized with the increase of Ay, but the sensitivity of peak 3 is decreasing.
Meanwhile, that of peak 1 will not change due to Ay;. FOM corresponding to these three peaks
are shown in Fig. 7(b), which displays the FoM fluctuation of peak 2 increases while that of peak
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3 decreases owing to an increase of Ay;. Peak 1 has a downward trend and then tends to be stable,
but the overall changes of the three peaks are small. Therefore, Ay has a little effect on sensor
performance. Figure 8(c) illustrates the sensitivity of three TPP peaks at different d; values. It
can be seen that with the increase of dy, the sensitivity of peak 3 increases significantly, but the
sensitivities of peak 1 and peak 2 decreases. Figure 8(d) is the quality factor corresponding to
the three peaks in Fig. 8(c). With the increase of d;, the FoM of peak 3 increases slightly, while
that of peak 1 decreased greatly, and peak 2 changed slightly in a small range. Therefore, the
dy parameter can significantly optimize the sensing performance of peak 3, and the maximum
sensitivity can reach 280 nm/RIU.
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Fig. 8. Effects of DBR parameters on sensor sensitivity and FoM. (a) Effects of central
wavelength Ay; on sensor TPP peak sensitivity. (b) Effects of central wavelength Ay on
FoM of sensor using TPP peaks.(c) Effects of ambient layer thickness d on sensitivity of
sensor using TPP peaks. (d) Effects of ambient layer thickness d on FoM of sensor.

In Table 1, the performance of the proposed refractive index-sensor is compared with that of
the previously proposed near-infrared refractive-index sensor. By comparing the refractive-index
sensors with different excitation mechanisms and structures, it can be seen that the proposed
sensor has high sensitivity and good FoM. At the same time, it does not need to meet the phase
matching condition in the refractive index sensing, which requires lower sensing conditions, and
also provides four-channel absorption sensing. It can be seen that the proposed structure has high
practical value and can be applied to refractive index detection.
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Table 1. Comparison of previous refractive index sensors with our proposed structures.

Refence Mechanism Structure Max Max FoM
Sensitivity (RIU™N)
(nm/RIU)
[29] LSPR optical fiber 517 None
(Experiment)
[30] BICs PhC metasurface 178 445
(Experiment) (Experiment)
[31] TPPs TPP Structure 416 682
(Simulation) (Simulation)
[32] SPR double-layer graphene 430.91 174.68
nanograting (GNG) (Simulation) (Simulation)
[33] / Hybrid dielectric-metal 840 84
metasurface (Simulation) (Simulation)
[34] LSPP + PSPP metal-dielectric-metal shell-core 784 None
nanorod array + metal film (Simulation)
[35] LSPRs two-dimensional (2D) gold 250 28
nanoparticle arra (Simulation) (Simulation)
[36] LSPRs periodic gold nanorings array 577 6.1
(Experiment) (Experiment)
This work TPPs + GMR graphene-based 950 161
grating + dual-Tamm structure (Simulation) (Simulation)

4. Conclusion

We propose a graphene-based hybrid Tamm plasmonic structure for refractive-index sensor. This
structure can achieve multi-channel perfect absorption in the near-infrared, based on GMR and
TPP. By simulating and optimizing the period number of the DBR in the structure, the grating
structure parameters, etc., better sensor performance can be obtained. When the refractive index
of the ambient layer in the structure changes, the position of the corresponding absorption peak
changes. The optimized sensor has a sensitivity of 950 nm/RIU and FOM of 161/RIU, so it has
good sensor performance. Comparing with other high-performance sensors of different types, it
was shown that the proposed sensor has a competitive sensitivity and FoM, while it is a simple
structure that does not need polarization matching devices, such as prisms or gratings.
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