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Abstract—We investigate the characterization of defect modes in
one-dimensional ternary symmetric metallo-dielectric photonic crystal
(1DTSMDPC) band-gap structures. We consider the defect modes for
symmetric model with respect to the defect layer. We demonstrate
reflectance with respect to the wavelength and its dependence on
different thicknesses and indices of refraction of dielectric defect layer,
angle of incidence and number of periods for both transverse electric
(TE ) and transverse magnetic (TM ) waves. Also, we investigate
properties of the defect modes for different metals. Our findings show
that the photonic crystal (PC) with defect layer, made of two dielectrics
and one metallic material, leads to different band-gap structures with
respect to one dielectric and one metallic layer. There is at least one
defect mode when we use dielectric or metallic defect layer in symmetric
structure. And, the number of defect modes will be increased by the
enhancement of refractive index and thickness of dielectric defect layer.

1. INTRODUCTION

In recent years, advances in photonic crystal (PC) technology have
attracted a great deal of attention. The main attraction of PCs is the
existence of forbidden band gaps in their transmission spectra. PCs are
regular arrays of materials with different refractive indices [1, 2]. The
simplest possible PC consists of alternating layers of material with
different dielectric constants. PCs can control the propagation and
localization of light, and have shown very promising applications as
functional photonic devices [3, 4]. Actually, according to the number
of layers in each period, PCs can be classified into categories like
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binary, ternary and so on. Binary PC includes two layers in each
period; ternary PC contains three layers in each period and so on.
Finally, these periods are repeated several times to form PCs [5].
1D PCs can be dielectric with negative index of refraction in which
optical properties change in one direction, while in two other directions,
the structure is uniform [6]. The simplest PC is unidimensional
and corresponds to a Bragg reflector. A two-dimensional PC can
be a set of parallel identical cylinders (dielectric or metallic rods in
a dielectric material) periodically arranged in homogeneous medium.
A three-dimensional crystal can be, for instance, a set of identical
spheres periodically arranged. But many other patterns have also been
tested [7]. A one-dimensional ternary symmetric metallo-dielectric
photonic crystal (1DTSMDPC) is a periodic structure consisting of
dielectric and metal elements with different refractive indices. There
are some advantages in using metals in PCs such as decreased size,
simpler fabrication, and lower costs. 1DTSMDPC has wider band gaps
as compared with one-dimensional binary symmetric metallo-dielectric
photonic crystal (1DBSMDPC) and the speed of enhancement of defect
modes with increasing thickness and index of refraction of dielectric
defect layer in 1DTSMDPC is more than 1DBSMDPC. Because 1D
PCs have easy fabrication, they have many applications such as
multilayer’s coatings [8], Bragg reflectors [9], narrow band filters [10],
and fibers [11]. Besides, there are a lot of researches in using metals
in recent years [12–16]. Photonic band gap (PBG) is in the ranges of
frequency in which light cannot propagate through the PC. Moreover,
if we enter a disorder into the regular dielectric structure of the PC, we
will obtain mid gap modes whose eigenfunctions are localized around
the disorder. These modes are called localized defect modes [1].

There are some analytical techniques to investigate the defect
mode wavelength in 1D PCs such as transverse matrix method
(TMM) [17, 18], plane wave expansion (PWE) [19, 20], etc. We have
used TMM to calculate the transmission and reflection coefficients of
incident electromagnetic waves. In a defective PC made of dielectric
and metallic layer, we calculate its dependence on the index of
refraction, thickness, number of unit cells, and angle of incidence for
symmetric geometries.

In this study, using TMM, we develop an analytical method for
calculating the defect mode wavelength. We apply this method to a 1D
PC consisting of periodically dielectric-metal-dielectric with dielectric
and metallic defect layer for both TE and TM waves. We show
that the number of defect modes will increase by the enhancement of
defect layer thickness and refractive index. The structure of symmetric
defective PC is made by the defect layer D, which is denoted as
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Figure 1. The structure of 1DTSMDPCs.

A/(n1n2n3)ND(n3n2n1)N/A, where A means the usual air, N is the
number of periods and n1, n2 and n3 are the refractive indices of
dielectric, metal and dielectric layers, respectively. This structure is
depicted in Figure 1.

2. THEORETICAL ANALYSIS

A 1DTSMDPC with a structure of A/(n1n2n3)ND(n3n2n1)N/A is
made of a dielectric or a metallic defect layer with thickness ddef

sandwiched by two N -cells in which it puts in air (nA = 1), and each
cell make up with a metallic layer 2 that is sandwiched by two dielectric
layer 1 and 3. The thicknesses of the layers are denoted by d1, d2 and
d3, respectively, as shown in Figure 1. The Drude model [21, 22] is
invoked to characterize the wavelength dependence of metallic layer.
We assume that the temporal part of the field to be e−iωt. So metal
permittivity in Drude model is

ε2(ω) = 1− ω2
p

ω2 − iγω
, (1)

where ωp and γ are the plasma frequency and damping coefficient,
respectively. We have taken the lossless system. The optical properties
of materials that are transparent to electromagnetic (EM) waves can be
characterized by an index of refraction and is given by n =

√
εµ, where

ε is the relative dielectric permittivity and µ is the relative permeability
of the medium which equals 1 for metals [23]. Then metal refractive
index is given by n2 =

√
ε2.

In Figure 2, we show a one layer with the components of the
electric and magnetic fields of the incident, reflected, and transmitted
wave [17, 24].

In this figure, we suppose a layer with index of refraction n1 put
on air, as shown in Figure 2. The incident beam undergoes an external
reflection at the first interface (a) and the transmitted beam undergoes
an internal reflection and transmission at the second interface (b).
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Figure 2. A schematic of one layer of 1DTSMDPC.

According to the boundary conditions, the tangential components of
the resultant electric and magnetic fields are continuous across the
interface,

Ea = E0 + Er1 = Et1 + Ei1,

Eb = Ei2 + Er2 = Et2
(2)

and
Ba = B0 cos θ0 −Br1 cos θ0 = Bt1 cos θt1 −Bi1 cos θt1,

Bb = Bi2 cos θt1 −Br2 cos θt1 = Bt2 cos θt2
(3)

where the magnetic field has tangential and perpendicular components.
Using Maxwell equations, we have the relation k0 = ω

√
µ0ε0, where

it is the wave vector in the air, B = n
√

µ0ε0E, p` = n` cos θ`, and
β` = k0n`d` cos θ`, where ` = 1, 2, and 3. So, the electric fields become:
Ei2 = Et1e

−iβl and Ei1 = Er2e
−iβl and when included in the boundary

conditions, Et1 and Ei1 can be solved in terms of Ea and Bb as:

Ei1 =
(p1Eb + Bb)

2p1
e−iβ` ,

Et1 =
(p1Eb + Bb)

2p1
eiβl .

(4)

And finally, substituting the above expressions in the initial fields
components and written in matrix form, we have(

Ea

Ba

)
=

(
cosβ`

−i
p`

sinβ`

−ip` sinβ` cosβ`

)(
E1

B1

)
= M1

(
E1

B1

)
. (5)
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Each layer of PC has its own transfer matrix, and the overall transfer
matrix of the system is the product of individual transfer matrices.
So the characteristics matrix M(Λ) for a single period is expressed
as [25–27]

M(Λ) =
[

M11 M12

M21 M22

]
=

3∏

`=1

[
cosβ`

1
ip`

sinβ`

−ip` sinβ` cosβ`

]
. (6)

In order to compute the Bloch wave vector, we define the half trace
(M11+M22

2 ) as following [16],

a =
(M11 + M22)

2
= cosβ1 cosβ2 cosβ3

−1
2

(
p1

p2
+

p2

p1

)
sinβ1 sinβ2 cosβ3

−1
2

(
p2

p3
+

p3

p2

)
cosβ1 sinβ2 sinβ3

−1
2

(
p1

p3
+

p3

p1

)
sinβ1 cosβ2 sinβ3, (7)

Then, the total characteristic matrix of the total PC is given by [27],

MT (NΛ) =
[

m11 m12

m21 m22

]
= M(Λ)N =

[
M11 M12

M21 M22

]N

, (8)

where the matrix elements of MT can be obtained in terms of the
elements of the single-period matrix, that is

m11 = M11UN−1(a)− UN−2(a), (9a)
m12 = M12UN−1(a), (9b)
m21 = M21UN−1(a), (9c)
m22 = M22UN−1(a)− UN−2(a), (9d)

where UN is the Chebyshev polynomial of the second kind given by,

UN (a) =
sin

[
(N + 1) cos−1(a)

]
√

1− a2
. (10)

Using of Equations (9), the reflection coefficient, r is given by

r =
(m11 + m12p0)p0 − (m21 + m22p0)
(m11 + m12p0)p0 + (m21 + m22p0)

, (11)

where p0 = n0 cos θ0. We can calculate the reflectance R = |r|2.
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The above calculations can be used for TM wave by substituting
p` = cos θ`/n` where ` = 0, 1, 2 and 3. So, the characteristic matrix of
left unit cells with the number of periods equal to N is given by [28],

McellL = (M3 ·M2 ·M1)N . (12)

Then the characteristic matrix for right unit cells with number of
periods equal to N in symmetric structure is

McellR = (M1 ·M2 ·M3)N . (13)

And defect matrix (Mdef ) is given by

Mdef =
[

cosβdef
1

ipdef
sinβdef

−ipdef sinβdef cosβdef

]
. (14)

where βdef = k0ndef ddef cos θdef , and pdef = ndef cos θdef .
Then the characteristics matrix of entire system is expressed as

Mtot = McellR ·Mdef ·McellL. (15)

3. NUMERICAL RESULTS AND DISCUSSION

In this work, the layers 1 and 3 are ZnSe and Na3AlF6 which refractive
indices and thicknesses are n1 = 2.6, d1 = 90nm, n3 = 1.34, and
d3 = 90 nm, respectively [22, 29]. The metallic layer is taken to be
silver (Ag) with the plasma frequency ωp = 2π×2.175×1015 rad/s [30],
d2 = 10 nm, and n2 is calculated with the Drude model of metals
Equation (1). The thickness of defect layer is ddef = 120 nm and its
index of refraction is calculated from nd · ddef = qλ0/4 with a design
wavelength of λ0 = 1550 nm in infrared region. We choose the quarter-
wavelength stack because of its least loss in optical communication, and
q is an optional constant coefficient. The number of periods for right
and left cells is equal. The substrate is assumed to be air.

3.1. Defect Modes with Dielectric Defect Layer

In Figure 3, we have plotted the wavelength dependant reflection for
the 1DTSMDPC with the structure of A/(n1n2n3)ND(n3n2n1)N/A,
for normal incidence. We see that there is just one defect mode within
the PBG for ddef = 120 nm and for q = 1, nd = qλ0/4ddef = 3.22 where
it is near the index of refraction of Si. This defect mode is located in
717.5 nm approximately.

In Figure 4, we have plotted the reflectance versus wavelength
for normal incidence in a defective 1DTSMDPC. The peak height is
decreased by increasing the number of periods. At a much larger N ,
such as 8 and more, the BG width is decreased in wavelength between
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Figure 3. The calculated wavelength-dependant reflectance in
1DTSMDPC with a dielectric defect layer for normal incident.

(a) (b)

(c)

Figure 4. The calculated wavelength-dependant reflectance in
1DTSMDPC with dielectric defect layer for different N = 3, 5, and
7.

400 nm and 1200 nm. So, we should take the shorter wavelengths range
that is 700 nm to 750 nm to see defect mode clearly. Besides, there
are some differences in the sidelobs. By increasing N , fluctuation of
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sidelobs increase and the width of PBG is decreased. We see that
the resonant peak will appear in 717.5 nm approximately and does not
change by increasing of number of periods.

In Figure 5, we show the effect of different refractive indices of
dielectric defect layer on the reflectance response. We use N = 5,
since defect mode will appear clearer in it. Besides, according to the
condition nd = qλ0/4ddef , where ddef = 120 nm, λ0 = 1550 nm and for
different q, the refractive index will be changed. The number of defect
modes is increasing by enhancement of q. As we see in Figure 6, there
are some differences in sidelobes by increasing the index of refraction
of dielectric defect layer. We give the wavelength of the defect modes
for different refractive indices in Table 1.

Figure 6 displays the wavelength-dependant reflection for the
1DTSMDPC with different defect layer thicknesses by using condition
ddef = qλ0/4nd, where λ0 = 1550 nm, and nd = 3.22. We see that
by increasing the thickness of defect layer, resonant peak will increase.
We give the wavelength of the defect modes for different thicknesses in
Table 2.

(a) (b)

(c) (d)

Figure 5. The wavelength-dependant reflectance in 1DTSMDPC at
different refractive indices of dielectric defect layer by changing q from
1 to 4. The thickness of defect layer is ddef = 120 nm, and number of
periods is N = 5.
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Table 1. The number of defect modes and its location for different
refractive indices of dielectric defect layer by changing q according to
the condition nd = qλ0/4ddef .

q nd No. of defect modes Wavelength (∼ nm)

1 3.22 1 717.5

2 6.45 2 530, 751

3 9.68 2 583, 765

4 12.91 3 521, 620, 769

5 16.14 3 555, 645, 771

6 19.37 4 519, 581, 664, 773

7 22.60 4 544, 603, 678, 773

8 25.83 5 518, 564, 620, 688, 773

9 29.06 5 538, 582, 634, 698, 774

10 32.29 6 518, 554, 596, 646, 704, 774

(a) (b)

(c) (d)

Figure 6. The wavelength-dependant reflectance for 1DTSMDPC at
different thicknesses of dielectric defect layer by changing q from 1 to
4.

In Figure 7, we plot the reflectance response for 1DTSMDPC at
different angles of incidence at ddef = 120 nm, N = 5, and q = 1 for TE
wave. We see that resonant peak move to the left (shorter wavelengths)
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as the angle of incidence increases and in higher angles, the height
of resonant peak has decreased in wavelength between 400 nm and
1200 nm. We give the wavelength of the defect modes for different
angles of incidence in TE wave in Table 3.

Table 2. The number of defect modes and its location for different
thicknesses of dielectric defect layer by changing q according to the
condition ddef = qλ0/4nd.

q ddef (∼ nm) No. of defect modes Wavelength (∼ nm)

1 120.34 1 717.5

2 240.68 2 539, 739

3 361.02 2 589, 749

4 481.36 3 530, 620, 754

5 601.70 3 560, 642, 759

6 722.04 4 526, 584, 661, 760

7 842.39 4 549, 604, 674, 761

8 962.73 5 524, 568, 620, 685, 763

9 1083.07 5 542, 583, 634, 694, 765

10 1203.41 6 523, 558, 598, 645, 700, 765

(c) (d)

(a) (b)
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(e) (f)

Figure 7. The calculated wavelength-dependant reflectance for the
1DTSMDPC A/(n1n2n3)ND(n3n2n1)N/A for TE -wave at different
angles of incidence 0◦, 15◦, 30◦, 45◦, and 60◦, respectively.

Table 3. The location of dielectric defect layer by changing angle of
incidence in TE wave.

Angels in TE wave (degree) Wavelength (∼ nm)

0◦ 717.5

15◦ 713

30◦ 700

45◦ 683

60◦ 665

75◦ 652

Table 4. The location of dielectric defect layer by changing angle of
incidence in TM wave.

Angels in TM wave (degree) Wavelength (∼ nm)

0◦ 717.5

15◦ 713

30◦ 698

45◦ 678

60◦ 654

75◦ 635

All the above calculations are for TE -wave. Now, in Figure 8,
we show wavelength-dependant reflectance of 1DTSMDPC with the
structure of (A/(n1n2n3)ND(n3n2n1)N/A) for TM -wave at different
angles of incidence 0◦, 15◦, 30◦, 45◦, and 60◦, respectively. For
normal incidence, that is at 0◦, there is no difference between TE
and TM waves. We see that resonant peak move to the left (shorter
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(e) (f)

(c) (d)

(a) (b)

Figure 8. The calculated wavelength-dependant reflectance in
1DTSMDPC for TM -wave at different angles of incidence 0◦, 15◦, 30◦,
45◦, 60◦ and 75◦, respectively.

wavelengths) as the angle of incidence increases. Besides, the height
of resonant peak will change, by changing angle of incidence. We give
the wavelength of the defect modes for different angles of incidence in
TM wave in Table 4.

In all calculations above, we use the structure A/(n1n2n3)sD(n3n2

n1)t/A, in which s and t are equal to 5. Now, we want to change the
place of defect mode as depicted in Figure 9. The dependence of peak
height on different structures is shown in Figure 9. As can be seen, in
Figures 9(a), (b), (c) when the structure is A/(n1n2n3)1D(n3n2n1)9/A
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(e)

(c) (d)

(a) (b)

Figure 9. The calculated wavelength-dependant reflectance
for 1DTSMDPC in normal incidence at different structures
A/(n1n2n3)sD(n3n2n1)t/A, where (a) s = 1, t = 9, (b) s = 2, t = 8,
(c) s = 3, t = 7, (d) s = 4, t = 6, (e) s = 5, t = 5.

and A/(n1n2n3)2D(n3n2n1)8/A, there is no defect mode in the BG.
But, when the structure A/(n1n2n3)4D(n3n2n1)6/A, that is near to the
complete symmetric, the defect mode will appear but it is incomplete.
When the numbers of right and left cells are equal, the resonant peaks
are complete. Namely, the values of (s) and (t) are at best to be taken
equal for both right and left periods in order to see resonant peak
completely (Figure 9(e)).

In this work, we use silver (Ag) as a metal for the second layer.
Now, in Figure 10, we use Cu, Ag, and Al with ωp = 2π×1.914×1015,
2π × 2.175 × 1015, and 2π × 3.570 × 1015, respectively [22, 31]. As
we can see by increasing ωp, the location of resonant peak changes to
the shorter wavelengths. The wavelengths of defect mode for Cu, Ag,
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and Al in Figure 10 are 719 nm, 717.5 nm, 709 nm, respectively. Also,
numerical investigations show that BG width is decreased by increasing
ωp.

3.2. Defect Modes with Metallic Defect Layer

All calculations above are done for dielectric defect layer. In Figure 11,
we show the effect of using metallic defect layer on the reflectance

(c)

(a) (b)

Figure 10. The calculated wavelength-dependant reflectance in
1DTSMDPC with different metals, (a) Cu, (b) Ag, (c) Al.

(a) (b)

Figure 11. The wavelength-dependant reflectance for 1DTSMDPC
using (a) dielectric defect layer with N = 5, d = 120 nm, (b) metallic
defect layer with ddef = 10 nm.
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response as compared with dielectric defect layer for 1DTSMDPC.
In normal incidence, we use silver (Ag) defect layer with N = 5,
ddef = 10nm, and q = 1. We see that when we use dielectric defect
layer, the resonant peak is 717.5 nm, but there is one resonant peak in
∼ 529 nm when we use metallic defect layer with thickness of 10 nm.
So the resonant peak moves to the shorter wavelengths for metallic
defect layer and there are some differences in sidelobes as depicted in
Figure 11.

4. CONCLUSION

In this paper, we used TMM and Drude model of metals to
calculate PBG of a 1DTSMDPC. We have studied properties
of defect modes in defective symmetrical system with structure
A/(n1n2n3)ND(n3n2n1)N/A. As we have shown, there is at least one
defect mode in the PBG for dielectric and metallic defect layer, but the
number of resonant peaks increases as refractive index and thickness
of dielectric defect layer increases. Besides, defect modes move to the
shorter wavelengths by increasing the angle of incidence in both TE
and TM wave. Moreover, the width of PBG decreases by increasing
the number of periods. Also, by increasing ωp, the location of resonant
peak moves to the shorter wavelengths, and numerical investigations
show that BG width is decreased by increasing ωp. Finally, defect
mode moves to the shorter wavelengths when we use metallic defect
layer, as compared with dielectric one.
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