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Abstract: Resonant optical tunneling effect (ROTE) is a special phenomenon that light can 

fully go through the seemingly impenetrable optical structure. It is a prominent example to 

study the analogy of wave optics and quantum physics. Previous theoretical work mostly 

focused on the optical modeling of transmission spectrum using the transfer matrix method 

(TMM), but put little effort in the quantum model. This paper advances the optical modeling 

by using the finite-difference time-domain method (FDTD) to simulate the electric field 

distribution and by using the plane wave expansion (PWE) to predict the optical bandgap. 

Moreover, we present the first analytical quantum model of the ROTE and further derive a 

direct expression of the transmission peak positions. This expression cannot be derived by the 

optical models, but its predicted peak positions match the optical modeling results using the 

FDTD, the PWE and the TMM. This well demonstrates the merit of the quantum analogy for 

analyzing the optical systems. This work may inspire the transplantation of the established 

ideas and designs in the quantum field into the optical field to create new optical and photonic 

devices. 
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1. Introduction 

Photonic tunneling, which represents a special phenomenon that lightwave can tunnel through 

classically impenetrable optical structures, has been a key topic of intense scrutiny over 

decades [1]-[5]. As an unique effect combining both the photonic tunneling and the resonance 

phenomenon, resonant optical tunneling effect (ROTE), has arisen extensive theoretical [6]-

[8] and experimental attentions in recent years [9]-[11]. As shown in Fig. 1, the ROTE 

structure basically consists of 5 layers with a high–low–high–low–high refractive index (RI) 

distribution. Total reflection is formed at the initial incident interface of high–low RI media. 

With some distinct advantages, the ROTE exhibits potential for application in high-

performance devices such as optical switches [12], [13] and refractive index sensors [14], 

[15]. 

 

Fig. 1. Schematic graph of the ROTE structure. 
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In a broad category, research on the ROTE is part of continuous efforts to investigate the 

analogies between wave optics and quantum mechanics, which have provided great 

opportunities to transfer new ideas, concepts, and methods among apparently different 

physical fields [16]. Such analogies benefit both optics and quantum mechanics in many 

aspects. For example, the analogy of quantum physics and optics offers a feasible approach to 

visualize ultrafast phenomena in the quantum field. Several basic physical properties of 

electron tunneling, such as tunneling time, superluminal effect and phase delay, are explored 

using the photon tunneling model [17]-[22]. In the 1990s, Chiao et al. [21] and Lee et al. [22] 

applied the optical barrier structure to study the fundamental properties of tunneling, such as 

tunneling time, phase time and post-tunneling positions. 

Meanwhile, the quantum analogy of optics provides a refreshed view to analyze complex 

optical systems with unprecedented functions. The photonic crystal borrows the idea of 

electronic band gap when electrons move in the crystal lattice and generates the optical band 

gap for photons [23]. Regarded as a classical theory, this concept vividly and precisely 

describes the features of light propagation in periodic dielectric structures and leads to a 

flourishing research area of fundamental and practical interest (e.g., photonic bandgap 

crystals). Furthermore, inspired by the scanning tunneling microscopy, the photon tunneling 

microscopy with ultrahigh spatial resolution has been developed to use an optical tip to tunnel 

photons for 3-D topographic imaging [24]–[26]. 

On the basis of the analogy, the quantum interpretation of ROTE is introduced in the 

author’s previous review [7]. However, the detailed analysis of the physical mechanism of 

ROTE remains unavailable. In the present study, the physical mechanism of ROTE can be 

examined from two origins: the optics interpretation and the quantum interpretation. The 

former originates from the wave nature of light and regards the ROTE as the propagation of 

lightwave through a multilayered film. The latter is derived based on the particle nature of 

light and treats the ROTE as the electrons going through a quantum well, which has been 

widely used for resonant tunneling diodes. Fundamentally, the optics interpretation is based 

on the Maxwell’s equations, whereas the quantum interpretation is based on the time-

independent Schrödinger equation. This is the first time that the corresponding analogy 

contributes to the design/characterization of applied photonic devices. 

2. Optics interpretation 

In this section, the ROTE is regarded as a multilayer system and analyzed based on 

Maxwell’s equations. Compared with the quantum interpretation, the optics interpretation 

analyzes ROTE from a classical perspective. The physical mechanism of ROTE is presented 

in detail by using various simulation methods. The distinct characteristics of ROTE can also 

be revealed by comparing the ROTE with other similar optical models, such as the photonic 

crystals and Fabry–Pérot etalons. In the classical interpretation, the electromagnetic field 

distribution of the ROTE structure is presented using the finite-difference time-domain 

(FDTD) simulation. The existence of the ROTE mode is verified in accordance with the 

results of plane wave expansion (PWE). 

2.1 FDTD study of ROTE 

The simulation model of the ROTE structure is shown in Fig. 2 (Lumerical FDTD). In the 

ROTE structure, the medium of the tunneling gap (low RI layers) is set as air, whereas that of 

others (high RI layers) is silicon. Thus, the materials from the input to the output space 

consist of silicon–air–silicon–air–silicon. The values for the basic structural parameters of the 

model are listed in Table 1. To form the total reflection, the angle θ of the incident light is set 

to be 18.0016°, which is l degree larger than the critical angle (17.0016°). As linearly 

polarized light emitted from the light source passes through the integrated ROTE structure, 

the power monitor collects the transmission power in the output space. Given the extremely 
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low absorption of silicon in the near-infrared band, the simulations/calculations conducted in 

the study neglect the absorption of the materials, and thus focus only on the structural 

characteristics. 

 

Fig. 2. Optical model of ROTE set up in FDTD simulation. 

Table 1. Parameters of the ROTE structure 

Parameter Symbol 
Values 

S-pol P-pol 

Incident angle θ 18.0016° 18.0016° 

Width of central slab g 15.5 μm 15.5 μm 

RI of input and output space n1 3.420 3.420 

RI of central slab n1 3.420 3.420 

RI of tunneling gap n2 1.000 1.000 

Width of tunneling gap  d 1 μm 1 μm 
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Fig. 3. Transmission spectrum of ROTE obtained by TMM and FDTD methods for P-polarization. 

 

With reference to the structure above, Fig. 3 shows the transmission spectrum of the 

ROTE structure for P-polarization obtained by both the FDTD simulation and the calculation 

using the transfer matrix method (TMM) (details shown in Supplementary). These 

transmission curves almost overlap, verifying the correctness of the FDTD simulation. Sharp 
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transmission peaks are obtained at the wavelengths of 1562.05 and 1586.75 nm, the 

transmittance of which achieve 1.0 (100%). This finding indicates that the incident light can 

completely pass through even though the total reflection occurs at the incident interface. This 

is one of the distinctive features of ROTE as compared to the other effects using the 

evanescent waves (e.g., frustrated total internal reflection), whose transmittance is mostly < 

100%.  

To further analyze the distribution of electric field propagation, incident wavelengths with 

different transmissions T (T = 1, 0.52, and 0.015) are selected to simulate the electric field 

mode profiles. The 2D electric field distributions of the incident plane along the propagation 

direction and the corresponding profile curves are plotted in Fig. 4. The blue and red dotted 

boxes represent the spatial range of the tunneling gap d (X-axis: 0–1μm, 16.5–17.5μm) and 

the central slab g (X-axis: 1–16.5μm), respectively. In the case of high transmission (Fig. 4(a) 

and (d)), the evanescent field of the first tunneling gap appears enhanced with an increase in 

the propagation depth, which varies from the classical evanescent wave; the amplitude of 

evanescent wave “decays” exponentially into the low RI layer (i.e., the first tunneling gap in 

ROTE). 

Subsequently, the evanescent field mode extends across the boundary of the high-RI 

medium layer and achieves a localized enhanced mode of electric field in this layer. The 

enhanced electric fields are then coupled through the second tunneling gap as the decay field. 

In particular, the electric field presents a highly axial symmetric distribution along the ROTE 

structure. However, as shown in Figs. 4(e) and 4(f), the electric field distribution of the 

tunneling gap is not symmetrical for non-resonant wavelengths. In Fig. 4(b), the evanescent 

field decays first and then rises in the first tunneling gap, and two evanescent decay fields are 

found in the two tunneling gaps in Figs. 4(c) and 4(f). Compared with Figs. 4(a)–4(c), 

although a different transmittances T occurs at a specific wavelength, all transmittances can 

form a standing wave in the central slab zone (range in the X-axis: 1–15.5μm) because of the 

interference. Fig. 4(g) summarizes the amplitudes of standing waves with different 

transmittances. With an increase in the transmission T, the amplitude grows significantly; the 

maximum value of 2.51 can be obtained when T = 1. In addition, the standing waves on the 

left side of the first tunneling gap (the range in X-axis: -1–0μm) in Figs. 4(e) and 4(f) are 

attributable to the interference between the incident light (position of the X-axis: -1μm) and 

the reflected light. 

Polarization dependence of the ROTE is investigated. Fig. 5 describes the transmission 

spectra (a) and electric field distribution of S- and P-pol. incidence with the tunneling gap d = 

0.5 μm. The result indicates that the transmission spike of S-pol. is much sharper than that of 

P-pol., and the resonant wavelength shifts occur in different polarization states. 

The intensity pattern for both polarization states presents markedly linear symmetry 

within the ROTE structure, which consists of the evanescent wave (occurring in the tunneling 

gaps) and the standing waves in the central slab. The field amplitude of P-pol. (1.14) is 

considerably smaller than that of S-pol. (7.16). In addition, compared with the two curves in 

Fig. 5(b), the electric field for P-pol. presents a discontinuous change at the interface of the 

input space and the tunneling gap (X-axis: 0 μm) in contrast to the continuum of S-pol. The 

reason is that the propagation of incident polarized light meets the boundary conditions for an 

ideal medium interface; the tangential component of the electric field E and the normal 

component of the electric displacement vector D keeps continuous at the interface, 

respectively.  

Figs. 4 and 5, regardless of polarization states, indicate that owing to the interference, the 

electric field is greatly enhanced in the central slab of the ROTE structure in the cases of 

incidence with a specific wavelength (T = 1); that is, resonance occurs (like in Fabry–Pérot 

etalons, whisper galley mode ring resonators, etc.). In the resonance state, the double-length 

of the central slab is the integral multiple of the wavelength of the standing wave located in 

the central slab (Fig. 5(b)). The higher electric-field intensity indicates a greater accumulation 
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of energy in the resonator; thus, the corresponding ROTE peak in the output spectrum has a 

higher Q value. 

 

 

Fig. 4. Electric-filed distribution and its profile of ROTE structure in different transmission states: (a) and (d) T = 1; 
(b) and (e) T = 0.52; (c) and (f) T = 0.015. (g) The standing-wave amplitude in the central slab layer of ROTE 

structure with different transmittances. 
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Fig. 5. Transmission spectra of the ROTE structure in S-polarization and P-polarization obtained by FDTD 

simulations (a); Profile of electric-field distribution along the X-axis direction (b); 2D plane graph of electric-field 

distribution for S-polarization and P-polarization at the resonant wavelength (c) and (d). 

 

2.2 Plane Wave Expansion 

In order to explore of the origin of the ROTE, it is a straightforward way to consider the 

ROTE model as a part of multilayer structure, which includes two layers with two different 

RIs alternating with each other, as shown in Fig. 6(a).  

Fig. 6(b) shows the band structure diagram of off-axis propagation of one dimensional 

photonic crystal corresponding to the ROTE model (the same as the model in the Table.1), 

which is solved by plane wave expansion (PWE). The slope of the straight line passing the 

origin varies with the angle of incidence, as shown in Eq. (1) 

𝑘 =
1

𝑛 sin𝜃
                                               (1) 

  

where k is the slope of the straight line, and n and θ denote the RI and the incidence angle in 

the same layer, respectively.  

In Figs. 6(b) and (c), the vertical ordinate represents the normalized frequency 
𝜔𝑎

2𝜋𝑐
=

𝑎

𝜆
, 

where ω is the angular frequency, c is the speed of light, λ is the wavelength, and a is the 

lattice constant. The horizontal coordinate is the wave vector off-axis ky. The red and blue 

lines correspond to the center and boundary of the Brillouin zone, respectively. Thus the gaps 

between adjacent curves with the same color are regarded as band gaps. Fig. 6(c) is the close-

up view of interested range of the band structure diagram (the wavelength ranges from 1500–

1600 nm). According to Eq. (1), the black line is shown in the Figure 6(b) and (c), which 

corresponds to the incident angle 18.0016o. 

The transformed band structure based on the PWE (red line), together with the calculated 

transmission spectrum from the TMM (black line) are is compared in Fig. 6(d). To clearly 
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illustrate the band gaps in the transmission spectrum and to compare them with the results 

obtained using the TMM, the transmittance of the wavelength range corresponding to the 

band gap is assumed to be 0, whereas that of other ranges is 1. As observed, all transmission 

peaks stand at the center of permitted bands, whereas all troughs are located at the center of 

the band gap. This observation indicates that ROTE peaks originate from the eigen modes of 

the binary mutilayer structure. 

Although the PWE method successfully explains the origination of the ROTE, it is noted 

that the ROTE structure is quite different from the general photonic crystal structure. The 

reasons lie in as follows:  

First, the number of uniform units of photonic crystal is very large (normally over 10), 

whereas the ROTE system is quite a simple structure (consisting of 5 layers in total) but 

performs extremely well for some specific applications [14]. Moreover, the ROTE structure 

emphasizes the condition that the incident angle of the input light should exceed the critical 

angle, which is a key factor for obtaining a unique feature of the ultrahigh Q transmission 

peak. Although the total internal reflection effect is involved in the photonic crystal 

(evanescent mode), the connection between the incident condition and the characteristics of 

the transmission peak is rarely discussed. Finally, the analogous relationship between the 

optics and the quantum mechanism provides a great opportunity for ROTE, which has a 

distinct physical mechanism combining the tunneling effect and the resonance phenomenon, 

thus offering potential contributions to the field of quantum mechanics. More details can be 

found in the next section. 

 

Fig. 6. Corresponding photonic crystals model (a) and band structure (b) for wave vector off-axis ky. The close-up 

view (c) of wavelength ranges from 1500 nm to 1600 nm, the transformed result (d) in accordance with the 
transmission spectrum obtained by the TMM. 
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3. Quantum interpretation 

In this section, the transmission spectrum of ROTE is derived based on the particle nature of 

light and regards ROTE as photons going through an optical well. The analogies between 

wave optics and quantum mechanics possibly open a new door to refresh the view of well-

developed classical optics. 

3.1 Introduction 

As proposed by Zhu [1], an analogy was formed between electron tunneling (quantum 

tunneling) and photonic tunneling (frustrated total internal reflection, FTIR). Based on this 

concept, the total reflection is equivalent to an electron encountering a potential step with a 

larger potential height than its kinetic energy. Moreover, part of the evanescent wave that 

propagates through a layer of low-RI medium is similar to an electron tunneling through a 

thin potential barrier. An analogous relationship has been derived from the formal similarity 

between the Schrödinger equation and Maxwell equations, thus bridging the correspondence 

between quantum physics and wave optics: 

{
 
 

 
  𝑬 =

ℏ
2
𝑛12𝜔2

2𝑚1𝑛2
2𝑐2

cos2𝜃                                                                            (2)

 𝑽𝟎 =
ℏ
2
𝑛22𝜔2

2𝑚2𝑐2
(
𝑛12

𝑛22
sin2𝜃+

𝑛12𝑚2

𝑛22𝑚1
cos2𝜃−1)                               (3) 

 

where E is the kinetic energy of the electron, V0 is the height of the potential barrier, c is the 

speed of light in vacuum, ℏ is the reduced Planck constant, m1 and m2 denote the effective 

masses of a particle in different regions, and ω and θ are the angular frequency and the 

incident angle of light, respectively. 

3.2 Potential model setup 

The optical model of ROTE (Fig. 7(a)) is converted into the finite potential well of quantum 

mechanics, as shown in Fig. 7(b). By analogy, quantum potential equations are established 

independent of the polarization of optical waves. The effective masses are defined in different 

regions: m1 for regions I, III, and V and m2 for regions II and IV. The boundary conditions for 

TM and TE waves are achieved by adjusting the ratio of effective masses: m2/m1 = 1/n2 for 

the TM case, and m2/m1 = 1 for the TE case. The transmission probability of electrons going 

through a quantum well is well developed according to the classical work by D. K. Ferry [27].  

However, in this paper, the details of the derivation also offered for good understanding and 

further discussion. 
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Fig.7. Schematic graph of the ROTE model (a) and corresponding quantum potential model (b). 

 

On both sides of the barriers (in regions I, III, and V), the wave is described by 

propagating waves, and the wave vector is defined as 𝑘 = √
2𝑚1𝐸

ℏ2
, whereas in the barrier (in 

regions II and IV), the wave is attenuated, and the decaying wave vector is defined as 𝛾 =

√
2𝑚2(𝑉0−𝐸)

ℏ2
. Thus, wave function can be defined generally as 

𝜓(𝑥) =  {

𝐴𝑒𝑖𝑘𝑥 + 𝐵𝑒−𝑖𝑘𝑥          𝑥 ∈ 𝑟𝑒𝑔𝑖𝑜𝑛Ⅰ

𝐶𝑒𝑖𝛾𝑥 + 𝐷𝑒−𝑖𝛾𝑥          𝑥 ∈ 𝑟𝑒𝑔𝑖𝑜𝑛Ⅱ

𝐸𝑒𝑖𝑘𝑥 + 𝐹𝑒−𝑖𝑘𝑥          𝑥 ∈ 𝑟𝑒𝑔𝑖𝑜𝑛Ⅲ

                              (4) 

𝜓(𝑥) =  {

𝐸′𝑒𝑖𝑘𝑥 + 𝐹′𝑒−𝑖𝑘𝑥          𝑥 ∈ 𝑟𝑒𝑔𝑖𝑜𝑛Ⅲ

𝐺𝑒𝑖𝛾𝑥 + 𝐻𝑒−𝑖𝛾𝑥           𝑥 ∈ 𝑟𝑒𝑔𝑖𝑜𝑛Ⅳ

𝐼𝑒𝑖𝑘𝑥 + 𝐽𝑒−𝑖𝑘𝑥              𝑥 ∈ 𝑟𝑒𝑔𝑖𝑜𝑛Ⅴ

                              (5) 
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where A and B, C and D; ..., and I and J are pairs of forward and backward propagation 

amplitude coefficient of the wave function, respectively. The boundary conditions are applied 

by asserting continuity of the wave function and its derivative at each interface. Thus, across 

the interface X = -a, the continuity of these two quantities leads to 

𝐴𝑒−𝑖𝑘𝑥 + 𝐵𝑒𝑖𝑘𝑥 =  𝐶𝑒−𝑖𝛾𝑥 + 𝐷𝑒𝑖𝛾𝑥                                               (6) 

𝑖𝑘[𝐴𝑒−𝑖𝑘𝑥 − 𝐵𝑒𝑖𝑘𝑥] = 𝛾[𝐶𝑒−𝑖𝛾𝑥 + 𝐷𝑒𝑖𝛾𝑥]                                        (7) 

Therefore, two of these aforementioned coefficients can be solved in terms of the other two 

coefficients. Meanwhile, A and B are solved in terms of C and D. resulting in the matrix 

equation, 

[
𝐴
𝐵
]=[

(
𝑖𝑘+𝛾

2𝑖𝑘
)𝑒(𝑖𝑘−𝛾)𝑎 (

𝑖𝑘−𝛾

2𝑖𝑘
)𝑒(𝑖𝑘+𝛾)𝑎

(
𝑖𝑘−𝛾

2𝑖𝑘
)𝑒−(𝑖𝑘+𝛾)𝑎 (

𝑖𝑘+𝛾

2𝑖𝑘
)𝑒−(𝑖𝑘−𝛾)𝑎

] [
𝐶
𝐷
]                  (8) 

Similarly, for every other boundary in the system (from left to right), the matrix equation 

can be set up based on the continuity of the wave function. 

[
𝐶
𝐷
]=[

(
𝑖𝑘+𝛾

2𝛾
)𝑒(𝑖𝑘−𝛾)𝑎 −(

𝑖𝑘−𝛾

2𝛾
)𝑒−(𝑖𝑘+𝛾)𝑎

−(
𝑖𝑘−𝛾

2𝛾
)𝑒(𝑖𝑘+𝛾)𝑎 (

𝑖𝑘+𝛾

2𝛾
)𝑒−(𝑖𝑘−𝛾)𝑎

] [
𝐸
𝐹
] 

[
𝐸
𝐹
]=[𝑒

−(𝑖𝑘)(𝑎+𝑏) 0
0 𝑒(𝑖𝑘)(𝑎+𝑏)

] [𝐸′
𝐹′
] 

[𝐸′
𝐹′
]=[

(
𝑖𝑘+𝛾

2𝑖𝑘
)𝑒(𝑖𝑘−𝛾)(𝑎+𝑏) (

𝑖𝑘−𝛾

2𝑖𝑘
)𝑒(𝑖𝑘+𝛾)(𝑎+𝑏)

(
𝑖𝑘−𝛾

2𝑖𝑘
)𝑒−(𝑖𝑘+𝛾)(𝑎+𝑏) (

𝑖𝑘+𝛾

2𝑖𝑘
)𝑒−(𝑖𝑘−𝛾)(𝑎+𝑏)

] [
𝐺
𝐻
] 

[
𝐺
𝐻
]=[

(
𝑖𝑘+𝛾

2𝛾
)𝑒(𝑖𝑘−𝛾)(2𝑎+𝑏) −(

𝑖𝑘−𝛾

2𝛾
)𝑒−(𝑖𝑘+𝛾)(2𝑎+𝑏)

−(
𝑖𝑘−𝛾

2𝛾
)𝑒(𝑖𝑘+𝛾)(2𝑎+𝑏) (

𝑖𝑘+𝛾

2𝛾
)𝑒−(𝑖𝑘−𝛾)(2𝑎+𝑏)

] [
𝐼
𝐽
]      (9)   

The tunneling effect of electrons from the input side to the output side (from right to left 

in Fig. 7(b)) is the point of interest; thus, the propagation coefficient J is set as 0 (J=0) for 

this purpose. The assumption is that A = MT11 I, where MT is the total matrix (i.e., the product 

of all matrices from right to left). Thus, the transmission probability T of the whole ROTE 

system can be derived as 

          𝑇 =
1

|𝑀𝑇11|
2                                                                                 (10) 

However, this solution is complicated and difficult to analyze. To simplify and analyze 

the solution, the matrix 𝑀𝐿: [
𝐴
𝐵
] = 𝑀𝐿 [

𝐸
𝐹
] is defined for the first barrier from region I to III. 

Here, the elements are calculated by the following relations: 

𝑀𝐿11 = [cosh(2𝛾𝑎) −
𝑖

2
(

𝑚2
𝑚1

𝑘2−
𝑚1
𝑚2

𝛾2

𝑘𝛾
) 𝑠𝑖𝑛ℎ(2𝛾𝑎)] 𝑒2𝑖𝑘𝑎                           (11) 

   𝑀𝐿21 = −
𝑖

2
(

𝑚2
𝑚1

𝑘2+
𝑚1
𝑚2

𝛾2

𝑘𝛾
) 𝑠𝑖𝑛ℎ(2𝛾𝑎)                                                            (12) 
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 𝑀𝐿22 = 𝑀𝐿11
∗                                                                                             (13) 

𝑀𝐿12 = 𝑀𝐿21
∗                                                                                               (14) 

Similarly, in case of the second barrier, the matrix  𝑀𝑅 : [𝐸′
𝐹′
] = 𝑀𝑅 [

𝐼
𝐽
] is defined from 

regions III to V. In addition, 𝑀𝑊: [
𝐸
𝐹
] = 𝑀𝑊 [

𝐸′
𝐹′
], where the subscript indicates the well region 

III. The overall tunneling matrix MT can be written as 

 𝑀𝑇 = [𝑀𝐿][𝑀𝑊][𝑀𝑅]                                                                   (15) 

From this equation, the composite MT11 can be expressed as 

𝑀𝑇11 = 𝑀𝐿11𝑀𝑅11𝑒
+𝑖𝑘𝑏 +𝑀𝐿12𝑀𝑅21𝑒

−𝑖𝑘𝑏                                (16) 

As the two barriers have the same potential height and width, for simplification the 

remainder of Eq. (11) is written as 

𝑀11 = 𝑚11𝑒
−𝑖𝜃                                                                                     (17) 

where  

𝑚11 = √𝑐𝑜𝑠ℎ2(2𝛾𝑎) + (

𝑚2
𝑚1

𝑘2−
𝑚1
𝑚2

𝛾2

2𝑘𝛾
)2sinh (2𝛾𝑎)                                 (18) 

is the magnitude and 

𝜃 = arctan [(

𝑚2
𝑚1

𝑘2−
𝑚1
𝑚2

𝛾2

2𝑘𝛾
)tanh (2γa)]                                               (19) 

is the phase of M11. Thus the overall transmission matrix can be offered as  

|𝑀𝑇11|
2 = 1 + 4|𝑀11|

2|𝑀21|
2cos2(𝑘𝑏 + 𝜃)                              (20) 

𝑇 =
1

|𝑀𝑇11|
2 =

1

1+4|𝑀11|
2|𝑀21|

2cos2(𝑘𝑏+𝜃)
                                       (21) 

3.3 Calculation results and discussion 

Fig. 8 illustrates the transmission spectrum of the ROTE structure both in P-pol. and S-pol. 

The incidence obtained by the quantum model and the optics method (TMM). As observed, 

for both P-pol. and S-pol., the curves obtained from the quantum model agree well with the 

results derived using the TMM. Viewed from an overall range (showing the period and free 

spectral range of the two curves) and the close-up views of a single peak (showing the details 

of the data), the curves obtained from the different physical models completely overlap. This 

result demonstrates that the quantum method can successfully solve the transmission 

spectrum of the ROTE structure. 
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Fig. 8. Transmission spectrum of the ROTE structure with P-polarization ((a) and (b)) and S-polarization ((c) and 

(d)) obtained using the optics model and the quantum potential model. Generally, the quantum model investigates 

the dependence of the energy of electrons on system transmittance probability. 

The validation of the quantum method has been demonstrated by the correct calculation 

of the output spectrum of the ROTE structure. Compared with the classical optics model, its 

special properties are further discussed as follows: 

First, the matrix method is involved in both optics model and quantum model, but the 

core ideas of these two methods are completely different. The production of matrices in the 

optics model is based on the continuity of the electromagnetic field tangential components; 

whereas in the quantum method, the boundary conditions are applied in the Schrödinger 

equation, in accordance with the continuity of the wave function and its derivative at each 

interface.  

Second, optical method needs to deal with two polarization states, and the continuity of 

the boundary differs for every individual polarization state. Therefore, two sets of equations 

have to be derived to fit the polarization states of incidence. Meanwhile, in the quantum 

potential model, the difference in polarization is only reflected in the effective mass ratio in 

different regions, thus simplifying the complexity of solving process. 

Finally, some unprecedented features of ROTE have been revealed by the quantum 

potential model. Based on Eq. (21), the transmission T reaches maximum when the cosine 

term in the denominator is equal to 0, that is, it has 

𝑘𝑏 + 𝜃 = (2𝑁 + 1)
𝜋

2
                                                                  (22) 

here N is a nonnegative integer. For each integer value of N, the corresponding pair of wave 

vector k and phase value θ can be obtained. The periodicity of the cosine term indicates a 

series of k and θ values that make maximize transmission. These values of the wave vector 

correspond to a series of resonant peaks in the transmission spectrum. Eq. (22) provides a 

direct expression to link the transmission peak positions to the parameters of the ROTE 

structure (e.g., wavelength, incident angle, dimensions, refractive indices, etc.). It is noted 

that there is no similar expression that can be obtained using the optical model. However, 
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based on Figs. 3 and 8, the peak position given by Eq. (22) match those given by the optical 

modeling and the optical numerical simulation. This is surprising and encouraging. 

Commonly the quantum analogy is used to explain the optical phenomenon conceptually 

and qualitatively (e.g., in the photon tunneling), its analysis rarely gives more details than 

the optical analytical models.  The derived Eq. (22) represents the first time that the quantum 

model can tell more information of the optical systems than the optical models, ever since 

the proposal of the analogy of photon tunneling and electron tunneling in 1984. 

 

4. Conclusion 

In this paper, two methods are applied to analyze the mechanism of the ROTE, one based on 

wave optics and the other on quantum physics. In the wave optics, the electric field 

distribution of the ROTE has been simulated by using the FDTD method, and the resonant 

phenomenon is found to occur at specific wavelengths. Furthermore, optical analysis using 

the PWE method shows that the ROTE resonant peaks originate from the eigen modes of the 

corresponding binary muti-layer structure. In quantum physics, the ROTE is represented by 

the quantum tunneling model that photons tunnel through an optical well with double equal 

potential barriers. In this model, an implicit function of resonant peak is derived, which 

indicates that the supported energy states of the ROTE structure are split, and only those 

photons with proper energies can pass through. The optical-quantum analogical relationship 

has been verified by the correct calculation of the output spectrum of the ROTE structure, 

which will benefit the engineering of optical/photonic devices by transplanting the ideas and 

methods already developed in the quantum physics.  
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