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Abstract We present a hybrid Tamm system targeting the tunable multichannel absorber. The proposed optical absorber is 

analyzed and investigated by using the transfer matrix method (TMM). The numerical and theoretical studies show that the four 

perfect absorption peaks are generated by two types of resonant modes excited in the structure, which can be reasonably explained 

by the guide-mode resonance (GMR) and optical Tamm state (OTS). More importantly, the strong interaction between the two 

modes gives rise to mode hybridization by adjusting the grating period. Furthermore, the active modulation of the GMR-based 

peak can be manipulated discretely by tuning the polarization angle or continuously by changing the chemical potential of 

graphene. The presented optical absorption filter will meet high level of effectiveness in developing high-performance 

optoelectronic devices. 
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Introduction 

In recent years, there has been an increased interest in a 

special type of surface electromagnetic states called the optical 

Tamm states (OTSs) because of their potential applications in 

narrow-bandwidth multichannel absorbers and thermal 

emission devices [1-3]. These states are analogous to the 

Tamm states in condensed matter physics. The first proposed 

OTS is excited between two photonic crystals (PhCs) [4]. 

Subsequently, the OTS generated near the interface between 

metal and photonic crystal is proposed, which is also called 

Tamm plasmon polariton (TPP) [5,6]. The PhC is a special 

structure produced by the periodic stacking of high refractive 

index materials [7] and low refractive index materials. And 

the common Bragg reflector (BR) is a simple one-dimensional 

PhC in optics [5, 13].The two materials in the BR need to 

have a good light transmission in the considered waveband 

and the specific lattice structure periodicity [8,9]. Compared 

with traditional surface states such as surface plasmon 

polarization (SPP) [10-12], TPP modes could be excited with 

either TE or TM polarization [13,14] without requiring for a 

specific incident angle [15-17].  

The plasmonic reaction of graphene and the applications 

of Tamm structure have attracted widespread attention [18-22]. 

Plasmonic reaction, which occurs in many semiconductors 

and metals, is ubiquitous, high-frequency, collective density 

oscillations of an electron liquid [19]. Graphene, an attractive, 

atomically thin carbon material that can replace metals, has 

shown plasmonic reaction in the infrared region, featuring 

greatly enhanced electric field and ultra-fast optical tunability 

[19,20]. Surface plasmons (SPs) in graphene are 

electromagnetic waves that propagate along the surface of the 

graphene due to the infrared light-induced oscillation of 

surface charges, which can effectively enhance optical 

absorption [20-22]. In order 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 [23-25]. It is difficult to realize TPP in 

practice because the photonic local field of the Tamm plasmon 

is near the interface between the metal film and the photonic 

crystal, that is, inside the Tamm structure. There are currently 

three research techniques to make the idea workable: adjusting 

the structure of the photonic crystal, changing the structure of 

the metal layer, or using the coupling of the Tamm structure 

with other structures to distribute the photonic local field in an 

appropriate position. Lundt et al. utilized organic materials to 

connect metal thin films and photonic crystals, then embedded 

single-layer tungsten diselenide films [26] and single-layer 

molybdenum diselenide films [27] into the connection 

materials. The organic material has a refractive index similar 

to that of the low refractive index material in the photonic 

crystal. Mischok et al. investigated a metal-organic-metal 

microcavity structure to replace the metal layer in the Tamm 

structure, and realized the regulation of the Tamm plasmon by 

changing the organic layer [28]. Das et al. numerically 

determined two reverse Tamm structures to add materials to 

be detected in the metal cavity, facilitating the design of a 

temperature sensor [29] and a refractive index sensor [30]. 

In this paper, we propose to achieve high-performance 

tunable multichannel absorption filters based on the grating 

layer and metal-photonic crystal heterostructure-metal 

(M-PCH-M). The GMR and TPP resonance can be excited 

simultaneously at near-infrared frequencies. The simulation 

results show that the three high efficiency TPP peaks can be 

maintained by adjusting the thickness of thin silver films and 

the top layer thickness in the M-PCH-M. Furthermore, the 

strong coupling between the two modes gives rise to mode 

hybridization. Transfer matrix theory (TMT) have been 

employed to explain the strong coupling phenomenon. To 

investigate the optical properties in this hybrid structure, 

simulations are achieved by using the finite element method. 

In addition, the modulation of GMR-based absorption can be 

actively controlled by adjusting the polarization angle or 

chemical potential of graphene. The proposed optical 

multichannel absorption filter has potential applications in 

modulators, solar cells, sensors, thermal radiation. 

 

Structure and theory 

In Fig. 1(a), we demonstrate a part of the hybrid Tamm 

structure, in which the M-PCH-M structure is deposited on a 

ZnO film and a thick silver layer substrate. The x and y 

directions of the structure are infinitely extended. In the 

COMSOL simulation, in order to simplify the calculation, we 

only simulate the modeling of the x-z section and the y 

direction is infinitely wide by default. Periodic boundary 

conditions are set on both sides of the structure in the x 

direction, and perfectly matched layers are added up and down 

to absorb the outgoing light. By using periodic boundary 



conditions, the simulation of complex structures can be 

simplified into periodic elements to improve convergence. 

Meeting the phase matching condition [35,36] in Eq. (11), a 

plane wave of TM polarization (i.e., electric field has no 

component in the y direction) or TE polarization (i.e., the 

electric field has a component in the y direction) is injected 

onto the structure at an angle of θ to excite the TPP mode at 

the interface between the PhC and thin silver layer. The 

thickness of ZnO layer in the structure is 12 nm, and the upper 

and lower layers in the M-PCH-M structure are thin sliver 

films, with the thickness of tm=27 nm. The silver substrate 

with a thickness much larger than the penetration depth of the 

incident radiation is added under the structure to block all 

transmission. The dielectric constant of silver can be 

characterized by the Drude model [31]: 
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where ε∞=2.4064 is the dielectric constant when the frequency 

of the incident light ω tends to infinity, γ=2π×4.8×1012 Hz is 

the collision frequency, ωp=2π×2214.6×1012 Hz is the 

plasmon frequency, Δ=1.6604 is the weight coefficient of 

Lorentz item, Ω=2π×620.7×1012 Hz is the strength of Lorentz 

harmonic oscillator, Γ=2π×1330.1×1012 Hz is the spectral 

width of vibration. 

 

Fig. 1 (a) Schematic diagram of the structure composed of 
upper silver film/PCH/lower silver film/ZnO/silver substrate; 
(b) The two side peaks can be eliminated by increasing the 

number of layers N of the dual PhCs; (c) The three perfect 
absorption peaks were realized for the depicted structure when 
N=3; (d) The electric field distributions for the three peaks 
corresponding to TPP modes: OTS1, OTS2, OTS3. 

In the simulated structure, the PhC is composed of 

alternating layers of silicon dioxide (SiO2) and titanium 

dioxide (TiO2). As a one-dimensional photonic crystal, the BR 

is a reflector used in a waveguide. When light passes through 

different media, it will be reflected at the interface, and the 

reflectivity will be related to the refractive index between the 

media [5, 13]. Here the refractive indices of SiO2 and TiO2 are 

nA=1.45 and nB=2.6, respectively. The conditions of Bragg 

incident light are met by selecting the thickness of the SiO2 

and TiO2 layers: dA=λM/4nA and dB=λM/4nB, where λM is the 

central resonant wavelength of BR. The number of periodic 

layers of PhCs are both N. In order to effectively excite the 

OTSs, a material with a higher refractive index should be 

incorporated as the top layer. The relevant material of the top 

layer D1 and lower layer D2 is determined to be TiO2, with 

their thickness to be optimized at D=136 nm.  

With the increase of the number of periodic layers N of the 

dual PhCs, the Tamm absorption peaks of the structure 

gradually changes as shown in Fig. 1(b). When the number N 

of the dual PhCs increases from 3 to 14 pairs continuously, the 

side TPP peaks gradually move inside just to finally merge 

into a single peak. Fig. 1(c) is the absorptance spectrum of the 

designed structure being excited by the TE polarization when 

incident normally when N=3. It can be seen from the Fig. 3(c) 

that the electric field enhancement with wavelengths of 1607 

nm and 1785 nm are mainly distributed at the interface of dual 

PhCs and M-PhC. And the electric field enhancement with 

wavelength of 1684 nm is mainly concentrated on the two 

interfaces of M-PhC and PhC-M. 

The transmission characteristics of the M-PCH-M part of 

the structure can be analyzed by the TMM: 

                
inout MEE  ,

               

(2) 

where Eout and Ein are the electric field of output light and 

incident light respectively, and M is the transfer matrix of light 

in the structure, which can be expressed as follows: 
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where, mAg, mD1, mA, mB, mD2 represent the transmission matrix 



of light through each layer, and N are the number of periodic 

layers of the two photonic crystals. 

The TMM of incident light in each layer can be expressed 

as: 
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In formula 4, δi=(2π/λ)nidicosθi, where nidi is the optical 

thickness of the corresponding layer, θi is the angle between 

the light in the dielectric layer and the normal direction of the 

interface, and λ is the wavelength of incident light. When the 

incident light is incident with TM or TE polarization, the 

corresponding pi has the following formulas: 

                 iii np  cos/00 ,

              

(5)                                                               
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where i=mAg, mD, mSiO2 or mTiO2, then ε0 is the vacuum 

dielectric constant and μ0 is the permeability of vacuum. 

The transmission coefficien t and reflection coefficient r of 

light can be expressed as 
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where the subscript ‘0’ and ‘t’ represent the incident and 

transmission space respectively. Therefore, the reflectance R 

and transmittance T of the light absorber can be determined in 

the following ways: 
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Therefore, the absorptivity of the optical absorber can be 

calculated by A=1-R-T. As the bottom part of the designed 

absorber is containing a metal ground plane represented by a 

sliver substrate, the transmittance T is basically reduced to 

zero. 

Simulations and Results 

To explore the key features of the designed structure that are 

responsible for its effectiveness, we calculated the relationship 

between the absorption and several important structural 

parameters. One of them, D, is the thickness of the high 

refractive index TiO2 layers D1 nd D2 located on the top of 

the upper and lower photonic crystals. It can be seen in Fig. 

2(a) that with decreasing the thickness D, the TPP peaks have 

undergone relatively obvious blue shifts with substantially 

different slope ratios. As the absorptance of the resonance 

peak is relatively high when D=136nm, the thickness of the 

corresponding layer of the basic model structure is set to 

136nm. Fig. 2(b) shows that as tm, the thickness of the silver 

film increases, the positions of the three resonance peaks 

remain basically unchanged. tm=27 nm has been chosen as the 

default value when carrying out a variation analysis and 

topological optimization of the designing absorber. 

 

Fig. 2 Spectral diagrams determine the absorptance peak 
positioning depending on: (a) the thickness D and (b) tm. 

Fig. 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 types of resonance modes to 

achieve multiple absorption peaks, and the coupling effect of 

GMR and TPP modes on the improvement of absorption has 

been studied. In addition to enhancing the absorption of GMR 

peaks, the graphene monolayer, sandwiched between the 

grating and a dielectric layer of SiO2 can increase tunability of 

the structure. Here we set the grating constant (also called the 

grating period) P=1.15 μm, the thickness and width of the 

opaque part are h=0.4 μm and W=0.25 μm respectively, and 

the dielectric matching layer thickness d=1 μm. Graphene 

monolayer thickness determined at tg=0.34 nm with its 

dielectric permittivity εg=1+iσg/(ωε0tg), where σg is the surface 

conductivity of graphene and ε0 is the vacuum dielectric 

constant, ω is the angular frequency of the incident wave. The 

conductivity is highly dependent on the chemical potential μc, 

which is determined at 0.3eV in this work taking into account 

the data [32,33]. The upper spectrum in Fig. 3(b) shows the 

absorptance when the resonance mode is excited by the TM 



polarization. For this structure, the graphene-based grating has 

little effect on the propagating light, which is almost equal to 

completely transmitting to the surface of the thin silver flim of 

the Tamm structure. The spectrum shows three distinct TPP 

peaks with wavelengths of 1607 nm, 1684 nm and 1785 nm, 

corresponding to three optical Tamm states, similar to those 

depicted in Fig. 1(c). The lower spectrum in Fig. 3(b) resulted 

from the TE polarization excitation revealing a GMR peak at 

the wavelength of 1524 nm while keeping the same three 

OTSs, corresponding to the same three TPP resonance peaks. 

So this structure can be used for multi-channel absorption 

filter devices, which can perfectly absorb incident light of four 

wavelengths at the same time to achieve a filtering effect. Fig. 

3(c) illustrates a Fabry Pérot (F-P) cavity resonance model, 

which has been proposed to understand the localization of the 

TPP resonances [34]. Because the one-dimensional PhC 

structure is relatively simple, it can be regarded as BR [13]. 

The excitation condition of the TPP mode generated at the 

interface of the BR and metal can be expressed as [5]: 

         1)2exp( irr BRM
, 

 

         (11) 

 

Fig. 3 (a) Three-dimensional schema of the multichannel 
absorption filter; (b) Absorption spectra when incident with 
TM and TE polarization respectively; (c) shows two identical 
cavities, both wrapped by silver films and BRs; (d) Electric 
field magnitude for the GMR and for three TPP modes when 
incident with TE polarization. 
where δ is the phase change between the interfaces, rM 

represents the reflection coefficient for the wave incident on 

the silver layer from the BR, which can be obtained by the 

Fresnel formula, rBR is the reflection coefficient of the wave 

incident on the BR from the silver layer, which can be 

calculated by the transfer matrix method (TMM). 

The resonance wavelength of the guided mode should 

meet the phase matching condition [35,36]: 

            
P

mkkGMR

 2
sin0  ,          (12) 

where kGMR=k0·neff is the wave vector of the guided mode, neff 

represents the effective refractive index of the guided mode, m 

is the diffraction order, and k0=2π/λ is the wave number where 

λ is the incident wavelength. In particular, when θ=0 and m=1, 

the above formula can be reduced to λ0=neff·P. To better 

understand the GMR and TPP effect, the electric field 

distribution at the resonance is necessary to look at Fig. 3(d), 

from which it becomes clear that the GMR mainly occurs in 

the SiO2 isolation layer, forming a typical standing wave 

profile. In other words, if the incident wave couples well with 

the leakage guided mode, GMR will occur. At the same time, 

it has been explained above that the TPP mode can be excited 

at the interface between the metal and the photonic crystal 

structure and between photonic crystals. 

 

 

 

Fig. 4 Evolution of absorption spectra of (a) the hybridized 



Tamm structure with the grating period length P, where the 

red square indicate the GMR; (b) Absorption spectrum at 

specific P; (c), (d), (e) are enlarged views of the absorption 

spectra at the three resonance coupling locationsare. The 

insets show the enhanced electric field resonance of GMR and 

TPP at the locations marked by hexagons and squares. 

As shown in Fig. 4, changing the grating period length P 

will allow investigating the coupling effect between the GMR 

and TPP resonance depending on the wavelength and the 

polarization type (TE polarization). In Fig. 4(a), the analytical 

results obtained using Eq. (12) and results of numerical 

simulations are combined. As the P increases, the wavelength 

capable of exciting the GMR increases too, and at the 

corresponding P, the GMR couples with three TPP resonances. 

According to classic the two oscillator models, the frequency 

of the resonant mixed mode can be determined by [37-40] 
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Here, f± is the resonance frequency of the hybrid modes, 

fGMR and fTPP represent the frequency of the GMR and the TPP 

resonance, and Ω is the interaction frequency between the two 

resonances. The dispersion relationship between GMR and 

TPP resonance can be calculated. The overlap between the 

two resonances occurs when varying the P. However, the two 

resonances will not impose exactly, but are separated by a 

small energy gap, exhibiting typical mode hybridization. The 

dotted curve marked by the purple triangles in the Fig. 4(c-e) 

is theoretically confirms the fact. 

Fig. 4(b) shows the absorptance spectrum at variable P, 

indicating that the GMR is capable of being hybridized with 

any of the three TPP resonances. It can be seen that the mode 

hybridization slightly increases the width of the absorption 

peak and the absorptance, which can be applied to the 

adjustment of the absorption filter in the narrow band. The 

split of curves visible in Fig. 4(c-e) and associated with the 

resonance hybridization is called the Rabi split of the vacuum 

field [41-43]. It is necessary to note that the GMR and TPP 

resonances for all three cases are well described by theoretical 

approximation derived from Eq. 12 (dotted lines). 

The GMR effectiveness is very sensitive to any 

variations with the chemical potential μc of the graphene 

grating, while the TPP resonances are irrelevant to the 

variations. In particular, when considering the 1524 nm 

resonance, the peak absorptance drops from 97.57% to 

32.86% when μc increases from 0.4 eV to 0.42 eV, as shown 

in Fig. 5(a-b). The polarization angle of the incident linearly 

polarized radiation is capable of influencing the GMR 

absorptance spectrum as it is shown in Fig. 5(c,d), while the 

symmetry of the PhCs guarantees the independence of the 

TPP resonances on the polarization angle. 

 

 

 

Fig.5 (a) Spectral diagram representing the dependence of the 

absorption as a function of the wavelength and the chemical 

potential of graphene under TE polarization. (b) The 

dependence of absorptance versus chemical potential at 1524 

nm. (c) Spectral diagram representing the dependence of the 

absorptance as a function of the wavelength and the 

polarization angle at normal incidence. (d) The dependence of 

absorptance versus chemical potential at 1524 nm. 

Conclusions 

In general, the reason for the design of this structure is to 

explore the optical properties of the graphene-based grating 

combined with the double tam structure. Through simulation 

research, the structure can realize the tunable multi-channel 

absorption effect and can be applied to the near-infrared 

optical filter. Using the TMM, CMT, and numerical 

simulations (COMSOL multiphysics), the results reveal that 

four remarkable absorption peaks are generated due to GMR 

and TPP. The grating period length variation facilitates the 

GMR relocation along the spectra and superimposing with the 

TPP resonances, resulting in obvious mode hybridization. The 



sliver thin film thicknesses used in the design of the absorber 

(M-PHC-M) can be varied without limiting the absorber’s 

functionality. The positioning of the absorption peaks can be 

tuned by adjusting the thicknesses of the absorber’s layers. In 

additional, the absorption filters can be used for selective 

polarization filtering of linearly-polarized radiation, the 

throughput of which can be controled by adjusting the 

chemical potential of graphene. The type of absorber can be 

potentially used as a part of optical devices such as sensors, 

modulators, switches, filters and polarizers, etc. 
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Figures

Figure 1

(a) Schematic diagram of the structure composed of upper silver �lm/PCH/lower silver �lm/ZnO/silver
substrate; (b) The two side peaks can be eliminated by increasing the number of layers N of the dual
PhCs; (c) The three perfect absorption peaks were realized for the depicted structure when N=3; (d) The
electric �eld distributions for the three peaks corresponding to TPP modes: OTS1, OTS2, OTS3.



Figure 2

Spectral diagrams determine the absorptance peak positioning depending on: (a) the thickness D and (b)
tm.



Figure 3

(a) Three-dimensional schema of the multichannel absorption �lter; (b) Absorption spectra when incident
with TM and TE polarization respectively; (c) shows two identical cavities, both wrapped by silver �lms
and BRs; (d) Electric �eld magnitude for the GMR and for three TPP modes when incident with TE
polarization.

Figure 4

Evolution of absorption spectra of (a) the hybridized Tamm structure with the grating period length P,
where the red square indicate the GMR; (b) Absorption spectrum at speci�c P; (c), (d), (e) are enlarged
views of the absorption spectra at the three resonance coupling locationsare. The insets show the
enhanced electric �eld resonance of GMR and TPP at the locations marked by hexagons and squares.



Figure 5

(a) Spectral diagram representing the dependence of the absorption as a function of the wavelength and
the chemical potential of graphene under TE polarization. (b) The dependence of absorptance versus
chemical potential at 1524 nm. (c) Spectral diagram representing the dependence of the absorptance as
a function of the wavelength and the polarization angle at normal incidence. (d) The dependence of
absorptance versus chemical potential at 1524 nm.


