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Modeling of Fano Resonance in High-Contrast Resonant Grating Structures *
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A new model is presented for Fano resonance in resonant grating structure based on the temporal coupled mode
theory. By using this model, the reflection spectrum can be reproduced with the information of eigenmode of
the structure, which can be numerically calculated by the finite element method. Therefore, the eigenmode plays
a key role in determining the profile of the line shape of the Fano resonance in the resonant grating structure.
When the space of two grating modulations is decreased, the line shape experiences a significant change. Such a
drastic change can be attributed to the increase of quality factor of the eigenmodes. Thus, our model not only
provides a simple and intuitive understanding on the mechanism of Fano resonance, but it also offers a convenient
way to engineer the line shape of the Fano resonance. The proposed model can be used in many applications,
such as biosensors, optical filters, and optical switchers.
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Subwavelength gratings have attracted consider-
able research interest in recent years due to their
unique characteristics. These gratings are widely
used as broadband refection mirrors,[1] wide band
polarizer,[2] optical sensors,[3] and optical couplers.[4]

A new type of subwavelength grating structure that is
fully surrounded by low index media, which is called
high-contrast grating (HCG),[5] has recently been pro-
posed. HCG has been employed to realize broadband
reflection. Moreover, HCG can be also used as an op-
tical resonator with Fan resonance.[6] Fano resonance
generally originates from the interference between
a coherent background pathway and a resonance-
assisted pathway.[7] A large number of research works
have been reported on Fano resonance in HCG. For
example, Zhou et al. designed and demonstrated a
GaAs-based high quality resonator to achieve high-
Q value using the Fano resonance in subwavelength
HCG.[8] Karagodsky et al. presented a simple ana-
lytic method to explain the multimode Fabry-Pérot
resonance mechanism in resonant HCG.[9] Ahmed et
al. provided a coupled mode theory to design and ana-
lyze a high-Q HCG resonator with Fano resonance.[10]

Wu et al. achieved surface-emitting lasers using the
Fano resonance based on GaN-based high contrast
grating.[11]

To our knowledge, Fano resonant grating struc-
tures are usually designed by using rigorous electro-
magnetic simulation methods.[12−14] Most of these

simulation methods tend to have a complicated math-
ematical nature that lacks intuitive physical under-
standing of the Fano resonance mechanism. Although
good simulation results can be obtained, the under-
standing is unclear enough and time consuming. Here,
a new model is proposed based on temporal coupled-
mode theory (TCMT).[15] It can quickly simulate the
linear region, which is most important for a Fano res-
onance. Since the proposed method can represent
the physical nature, the Fano resonance can be more
clearly understood and the devices can be more easily
designed. This method may be beneficial to the study
of the Fano resonance in HCG. We found that the re-
flection spectrum of the resonant grating structure can
be reasonably reproduced by using TCMT with the in-
formation of eigenmode of the grating structure.[16,17]

Furthermore, we also find that the line shape of Fano
resonance is directly determined by the eigenvalue of
the mode. Therefore, our model provides a simple and
direct method to engineer the line shape of Fano reso-
nance by engineering the eigenmode of the structure.
It may open up a pathway to design Fano-resonant
grating structures for potential applications, like op-
tical filters, and biosensing, among others.

In this model, the TCMT method is used to ana-
lyze the Fano-resonant properties of the resonant grat-
ing structure. The Fano resonance transmission or re-
flection spectra can be calculated based on TCMT and
the eigenmode of the resonant grating structure. For
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simplicity, in our model two conditions are assumed:
one is that the structure is a symmetric single-mode
resonator; the other is that the materials in the struc-
ture have no intrinsic absorption loss.

We start our simulation with the eigenmode in
the resonant grating structure using the finite ele-
ment method (FEM). In this simulation, we choose
a period of the resonant grating structure as a unit
cell, where Floquet-periodic boundary conditions are
applied for lateral boundaries and scattering bound-
ary conditions for upper and lower boundaries.[18] The
eigenmode of the resonant grating structure is then
obtained; with complex values for a normalized pa-
rameter 𝑁 = 𝑁real − 𝑖*𝑁imag. We can thus obtain an
eigenvalue. According to this calculated eigenvalue,
we can find the central resonance frequency 𝜔0 and
total radiative quality factor 𝑞0 of the single-mode res-
onant grating structure as follows:[19]

𝜔0 =𝑁real,

𝑞0 =𝑁real/2𝑁imag, (1)

where 𝑁real and 𝑁imag are the real and imaginary
parts of the eigenvalue of the eigenmode in the res-
onant grating structure, respectively. We also obtain
the value of total decay rate 𝜏 by using Eq. (7) and
relation 𝜏 = 2𝑞0/𝜔0.[20]
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Fig. 1. (Color online) Schematic diagram of the two-port
resonance theory model.

The resonant grating structure can be viewed as a
symmetric single-mode two-port system based on the
temporal coupled mode theory, as shown in Fig. 1. In
the TCMT method, the coupled-mode equations can
be written as follows:[15]
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where 𝜓 is the resonance-mode amplitude, 𝜔0 and 𝜏
are the central frequency and total decay rate of the
resonance, respectively; 𝑊1+ and 𝑊2+ are the am-
plitudes of incoming waves; 𝑊1− and 𝑊2− are the

amplitudes of outgoing waves; and 𝑘1 and 𝑘2 are cou-
pling coefficients at the two ports. We can derive
𝑘*1𝑘1 = 𝑘*2𝑘2 = 1/𝜏 based on energy conservation law
and time-reversal symmetry. In addition, the scat-
tering matrix 𝐶 of the direct transport process is ex-
pressed by

𝐶 = 𝑒𝑖𝜑
(︂
𝑟 𝑗𝑡
𝑗𝑡 𝑟

)︂
, (4)

where 𝜑 is the phase factor; 𝑟 and 𝑡 are the amplitude
reflection and transmission coefficient, respectively. In
the direct transport process, 𝑟 and 𝑡 satisfy the re-
lation 𝑟2 + 𝑡2 = 1 (𝑟 and 𝑡 are both real number).
According to the above discussion, we can obtain the
transmission or reflection spectra of the resonator as
follows:

𝑅 =
𝑟2(𝜔 −𝑁real) + 𝑡2𝑁imag ∓ 2𝑟𝑡(𝜔 −𝑁real)𝑁imag

(𝜔 −𝑁real)2 +𝑁2
imag

.
(5)

To calculate the amplitude reflection 𝑟 and transmis-
sion coefficient 𝑡, we can consider the resonant grat-
ing structure as a uniform slab waveguide with the
same thickness 𝑡g and effective refractive index 𝑁eff .
According to the effective media theory, the effective
refractive index 𝑁eff can be obtained based on the
relation[21]

𝑁eff = ((1− 𝑓𝑓)2𝑛2L + 𝑛2H𝑓𝑓)
1
2 , (6)

where 𝑓𝑓 is defined as the ratio of the total widths of
the high-contrast grating modulations and the period
in unit cell. The amplitude reflection 𝑟 and transmis-
sion coefficient 𝑡 are then obtained by using the slab
waveguide theory.[22] According to the above calcula-
tion results, we can calculate the reflection spectra of
resonant grating structure using Eq. (5).
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Fig. 2. (Color online) Scheme of the high-contrast reso-
nant compound grating structure. Here, 𝑡g is the thickness
of the grating layer; 𝑝 is the grating period; 𝑛H and 𝑛L

are the high and low refractive indexes, respectively; 𝑑 is
the space between two grating modulations; and, 𝑤 is the
widths of the each grating modulation

This proposed model indicates that the Fano res-
onance of resonant grating structures is governed by
the coupling between the incident light and the eigen-
mode of the grating structures. Unlike typical rigorous
methods (i.e., RCWA) for the design of the Fano reso-
nant grating structures, this model has the capability
of designing the shape line of Fano resonance by using
the eigenmode of the grating structure.
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In this work, we present a new high-contrast reso-
nant grating structure, in which each period consists
of two grating strips with identical width, as shown in
Fig. 2. This grating structure is fully surrounded by
the low-index material, which is referred to as high-
contrast resonant compound grating (HC-RCG). The
light is assumed to be normal-incident TE-polarized
plane wave with the electric field parallel to the 𝑦 di-
rection. The structure is considered to be infinite in
the 𝑦 direction and infinitely periodic in the 𝑥 direc-
tion.
Table 1. Eigenvalues of the TE eigenmode with different spac-
ings.

Spacing (nm) Eigenvalue
0 2.493173×1015−6.756739×1013𝑖
10 2.493653×1015−4.247039×1013𝑖
20 2.494656×1015−2.627083×1013𝑖
50 2.496534×1015−7.424767×1012𝑖

32

0

11

0

7

0

4

0

(a) (b) (c) (d)

Fig. 3. (Color online) Electric field intensity distributions
of the eigenmode mode in different high-contrast resonant
compound grating structures with various spacings: (a)
𝑑 = 0 nm, (b) 𝑑 = 10 nm, (c) 𝑑 = 20 nm, (d) 𝑑 = 50 nm.

To demonstrate our proposed model, we will give a
simple example, as used in Ref. [6]. We assume the pa-
rameters of the HC-RCG structure as follows:[6] 𝑡g =
235 nm, 𝑝 = 380nm, 𝑛H = 3.2137 (e.g., Al0.6Ga0.4As),
𝑛L = 1 (e.g., air), and 𝑤 = 125nm. In this work, we
focus on investigating each HC-RCG structure with
different spacing 𝑑 in unit cells. To obtain the eigen-
value of HC-RCG, we will calculate the eigenvalues of
each HC-RCG structure with different spacing 𝑑 us-
ing the FEM method. In our calculations, we choose
the different spacings 𝑑 = 0, 10, 20 and 50 nm. These
eigenvalues are listed in Table 1. This shows that the
real part of the eigenvalues exhibit a small variation
with increasing 𝑑, while this trend does not hold true
for the image part. According to Eq. (1) and Table 1,
we can obtain the central resonance frequencies and
radiative quality factors of the HC-RCG structure.
This shows that the central resonance frequencies of
each HC-RCG structure nearly remain unchanged,
while the total radiative quality factors of these HC-

RCG structures are largely enhanced. This difference
indicates that the total radiative quality factors are
varied very significantly for HC-RCG with different
spacings.

To further understand the physical nature of the
eigenmode, we show the electric field intensity distri-
butions of the eigenmodes for different 𝑑 in each unit
cell of the HC-RCG structure using the FEM method,
as shown in Fig. 3. We find that the enhanced electric
field of the eigenmodes is confined in the slits of the
grating modulation in each unit structure. To gain
physical insight into the origin of the different elec-
trical field intensity distributions with different HC-
RCG structures, the mode confinement factor of the
each eigenmode is calculated and can be expressed as

Γ=

∫︀
𝐺

|𝐸norm|2𝑑𝑥𝑑𝑧∫︀
𝑈

|𝐸norm|2𝑑𝑥𝑑𝑧
, (7)

where 𝐺 and 𝑈 represent the integration domain for
grating and the unit cell, respectively; 𝐸norm rep-
resents electrical field intensity distributions of the
eigenmodes. In Table 2, the confinement of the eigen-
mode is evidently enhanced with the increase of spac-
ing 𝑑. This finding indicates that we can improve the
confinement of the eigenmode by increasing 𝑑. This
condition enhances the total radiative quality factors
in these HC-RCG structures.
Table 2. Confinement factor of the TE eigenmode with differ-
ent spacings.

Spacing (nm) Confinement factor
0 0.0392
10 0.0721
20 0.1178
50 0.3602

Finally, we calculate the reflection spectrum of
each HC-RCG structure with different spacing 𝑑 for
TE polarization using the model method, as shown in
Fig. 4. From Fig. 4, we find that the reflection spec-
trum shows asymmetric Fano resonance sharp lines
with only a single peak, which is associated with the
eigenmode of HC-RCG. In Fig. 4, we compare our re-
flection spectrum with the RCWA simulation results.
Consequently, it can be seen that the calculated res-
onant wavelengths of two simulations agree well with
each other in the linear shape region. Our calculation
indicates that the profile of line shape of the Fano reso-
nance is mainly determined by the eigenmode in HC-
RCG structure. Therefore, the eigenmode provides
great convenience for engineering the Fano resonance
of resonant grating structure with arbitrary structure
parameters. In the other regions, there are differences
between the proposed model method and the RCWA
method. The fact that our model focuses on the nar-
row bandwidth of Fano resonance under the single
mode condition is responsible for this phenomenon.
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In comparison, in the RCWA method, all the Fourier
components are involved, so that the whole light fields
of HC-RCG are represented. In addition, line width of
Fano resonance is decreased by increasing the distance
of spacing 𝑑 in this example, which can be explained
by employing the mode confinement of the eigenmode
in HC-RCG structure shown in Table 2. Compared
with Ref. [23], we provide an HC-RCG structure to
control the line width of Fano resonance using the new
model method with physical understanding.
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Fig. 4. (Color online) Reflection responses of the high-
contrast resonant compound grating structure for the TE
polarization with various spacings: (a) 𝑑 = 0nm, (b)
𝑑 = 10 nm, (c) 𝑑 = 20 nm, (d) 𝑑 = 50 nm.

In summary, we have developed a semi-analytical
model for the analysis of high-contrast resonant grat-
ing structures and we have investigated the Fano res-
onance of the HC-RCG structure using the proposed
model. We study the effect of the parameters of the
HC-RCG structure on the reflection spectral widths
and line shape using the eigenmodes of the grating
structure. We further understand the nature of Fano
resonance in the resonant grating structure. The Fano
line shape of the resonant grating structure is at-
tributed to the presence of eigenmodes governed by
grating structures. This model provides a new design
method to explore new resonant grating structures.
The designed HC-RCG structure can be used as an

optical sensor, laser mirror, and optical switcher.
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