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Abstract  
 
We numerically analyzed the photonic band structure of 2-D metallic-dielectric photonic crystal structures which 
consist of square arrays with circular metal rods. We calculated dispersion curves of square lattice with metal 
rods which are embedded into background materials with different dielectric constants for TM and TE modes and 
changed the ratio of the rods’ radius to the lattice constant (r/a).We also investigated the effect of changing metal 
rods on the photonic band structures in two steps. In the first step, we changed background materials with fixed 
r/a constant and then we fixed both ther/aratio and background dielectricconstants. Because we designed our 
structure in a way that the photonic band gaps appear in a range of telecommunication wavelength the results 
showed that these structures will be applicable in different photonic devices such as optical filters. 
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1. Introduction 
 
In recent years lots of attention have gone to study 
photonic crystals especially metallic-dielectric photon-
ic crystals because of their application in optical 
communication systems. Photonic crystals (PhCs) are 
inhomogeneous dielectric media with periodic refrac-
tive index and they have a photonic band gap in gen-
eral. The photonic band gap is the range of frequen-
cies in which light cannot propagate through the struc-
ture. If instead of dielectric inclusion we put metals in 
dielectric background we will have metallic-dielectric 
photonic crystal (MDPC) which has more interesting 
properties than PhCs [1-5] which we will study some 
of them in this work. In comparable with PhCs, 
MDPCs have cutoff frequency for TM modes, and 
their widths of their gaps are wider than PhCs, but 
more interesting properties of these structures is that 
because of these properties their size will be more 
smaller than similar typical PhCs [6,7]. Most re-
searches have done in microwave ranges [8, 10] but 
by suitable design of PBG structures we tried to get 
photonic band gaps in a range of telecommunication 
wavelength. Hence these structures will be applicable 
in different photonic devices such as optical filters, 
polarizer, or waveguide, and optical modulators [9-
12]. For achieving this goal we used metallic scatter-
ers, instead of dielectric, in dielectric background. We 

saw by careful designing metallic photonic crystals 
that we can obtain wide photonic band gaps in compa-
rable with PhCs. In this work, we calculate the disper-
sion curves for square lattice of circular metal rods 
embedded into backgrounds with different dielectric 
constants for normal incident wave by means of soft-
wares which are in accordance with finite-difference 
time-domain method and the dielectric constant of 
rods modeled by Drudedispersion relation. Organiza-
tion of this paper is as follows: in Section 2, we 
present the theoretical background and the method of 
Analysis. Section 3 covers the simulation results ob-
tained for the MPDC structures. We show the photon-
ic band gaps for different specifications of MPDCs. 
Finally, we conclude this paper in Section 4. 
 
2. Theoretical background  
 
A) We consider metal an isotropic medium with di-
electric constant ε, permeability μ, and conductivity σ. 
By using the material equations for electric displace-
ment field D, magnetic flux density B, current density 
J, and charge density ρ, Maxwell’s equations can be 
written as [13,14]: 
 

ሬሬԦܦ ൌ ,ሬԦܧߝ ሬԦܤ ൌ ,ሬሬԦܪߤ Ԧܬ ൌ ሬԦܧߪ ൅ ሺܬ଴ ൌ 0ሻ 

׏ ൈ ሬԦܧ ൅ ߤ
ሬሬԦܪ߲
ݐ߲ ൌ 0 

(1) 
    We assume a monochromatic plane wave descrip-
tion for the electric and magnetic fields: 
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׏ ൈ ሬሬԦܪ െ ߝ డாሬԦ

డ௧
ൌ  ሬԦ                                                        ሺ2ሻܧߪ

 
ሬԦܧ ൌ ሬሬԦܪ   ,ሬԦ଴݁ି௜ఠ௧ܧ ൌ  ሬሬԦ଴݁ି௜ఠ௧                                         ሺ3ሻܪ
 
 
Hence, wave equation for a metal can be written as: 
 
ሬԦܧଶ׏ ൅ ሬԦܧ෡ଶܭ ൌ 0                                                               ሺ4ሻ 
 
෡ଶܭ ൌ ߱ଶߤ ቀߝ ൅ ݅

ߪ
߱ቁ                                                      ሺ5ሻ 

 
where ܭ෡ is complex dielectric constant, defined by: 
 

෡ܭ ൌ ܭ ൅ ݅
ሺ߱ሻߪ
଴߱ߝ ൌ ௥ܭ ൅ ሺ߱ሻߪ     ,௜ܭ݅ ൌ

଴ߪ

1 െ ݅߱Γ 

(6) 
where ߪሺ߱ሻ is ac conductivity, σ0 is the conductivity 
measured with DC electric field, and Γ is the damping 
constant.The dielectric constant of a medium is de-
pendent on how the charges within the material re-
spond to an optical field.  
B) According to Drude model, the motion equation of 
an electron (with m and e the mass and the charge 
respectively) with velocity v in a material can be writ-

ten as: 
 

݉
Ԧݒ݀
ݐ݀ ൅ ԦΓݒ݉ ൌ െ݁ܧሬԦ                                                      ሺ7ሻ 

     
    In the harmonic regime, equation (7) and Maxwell 
equations lead to the following relations: 
 

ଔԦሺ߱ሻ ൌ ሬԦܧሺ߱ሻߪ ൌ
ܰ݁ଶ

݉ሺΓ െ ݅߱ሻ ሬԦ଴ܧ ൌ
ܰ݁ଶ

݉ሺΓ െ ݅߱ሻ  ሬԦ଴ܧ

(8) 

ሺ߱ሻߝ ൌ ஶߝ െ
߱௣

ଶ

߱ሺ߱ ൅ ݅Γሻ,    ߱௣
ଶ ൌ

ܰ݁ଶ

଴ߝ݉
                      ሺ9ሻ 

 

௥ሺ߱ሻߝ ൌ ஶߝ െ
߱௣

ଶ

ሺ߱ଶ ൅ Γଶሻ,    ߝ௜ሺ߱ሻ ൌ
߱௣

ଶΓ
߱ሺ߱ଶ ൅ Γଶሻ 

(10) 
 
3. Simulation results 
 
A. Our goal in this section is to calculate the photonic 
band structures of the 2-D square lattice of  
circular copper rods which are embedded into air  

Table. 1. Bandgaps for Copper rods in square lattice 
with different r/a ratio, center wavelength: 1.55μm 
(ncu=0.606+i8.26), and air background. 

TM mode TE mode 
ࢇ࣓
૛࣊ࢉ

ൌ
ࢇ
ࣅ

 r/a 
ࢇ࣓
૛࣊ࢉ

ൌ
ࢇ
ࣅ

 r/a 

(TM0-1)=0.290 0.05 - 0.05 
(TM0-1)=0.353 0.1 - 0.1 
(TM0-1)=0.5 
(TM1-2)=0.09 0.2 - 0.2 

(TM0-1)=0.7469
(TM1-2)=0.257 0.3 - 0.28 

(TM0-1)=0.7959
(TM1-2)=0.29730.32 (TE1-2)=0.027 

(TE3-4)=0.017 0.3 

(TM0-1)=1.04 
(TM1-2)=0.52 
(TM3-4)=0.14 

0.4 (TE1-2)=0.018 
(TE3-4)=0.009 0.32 

  (TE1-2)=0.113 0.4 

 

Table. 2. Bandgaps for noble metal rods in square 
lattice with r/a =0.2 ratio, center wavelength: 1.55μm, 
with different backgrounds. 
 

r/a = 0.2 
ࢇ࣓
૛࣊ࢉ

ൌ
ࢇ
ࣅ

 
Rod Background 

TM mode 
 

TE 
mode 

(TM0-1)=0.529 
(TM1-2)=0.116 - Ag air 

(TM0-1)=0.532 
(TM1-2)=0.12 - Au air 

(TM0-1)=0.5 
(TM1-2)=0.09 - Cu air 

(TM0-1)=0.15 
(TM1-2)=0.0337 - Ag InP 

(TM0-1)=0.15 
(TM1-2)=0.034 - Au InP 

(TM0-1)=0.149 
(TM1-2)=0.032 - Cu InP 

            
(a)                                                                  (b)  

Fig. 1. Photonic band diagrams for square lattice with copper rods in air background (r/a=0.2). The first 8 bands for 
TM (a) and TE (b) modes. 
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background, with different values of the rods  

 
      (a) 

 

 

 
(b) 

Fig. 2. Photonic band diagrams for square lattice with copper rods in air background for different r/a ratio for TM 
(a) and TE (b) modes. 
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background, with different values of the rods ra-
dius/lattice constant ratio (r/a) for TM and TE modes. 
The simulation results are shown in Figs. 1 and 2. As 
illustrated in Fig. 1, a cutoff frequency exists for TM 
modes even for very small r/a ratios. Details of our 
simulation results are summarized in Table. 1. As is 
noticeable from Table. 1, TM modes have a cutoff 
frequency and their bandgaps appear as soon asr/a 
ratio increase from zero. As shown in Fig. 2, the first 
and second gaps appear between TM0 and TM1 and 
between TM1 and TM2 bands, respectively, while TE 
modes do not have cutoff frequency and their first gap 
appears between first and second (TE1-2) bands. As a 
result, by increasing r/a ratio with fixed background 
dielectric constant (air background), unlike the pho-
tonic dielectric crystals, the width of bandgaps in-
crease and the bands become more flatter for TM 
modes due to decreasing the group velocity. Also, the 
cutoff frequency of TM modes goes to larger frequen-
cies and distance between the bands increase. Fur-

thermore, by increasing r/aratio for TE modes, the 
bandgap scan be observed when r/aratio is about 
0.3and the first gap is between first and second bands. 
Meanwhile, the second gap appears between third and 
fourth bands, as illustrated in Fig. 2(b). 
B. In this part, we indicate the effect of varying the 
noble metals used for rods on the photonic bandgaps. 
The photonic band structures calculate for three noble 
metals (Cu, Ag, and Au) with fixed r/a ratio and with 
air or InP background, as shown in Figs. 3 and 4. De-
tails of results are tabulated in Table. 2. Comparing 
Fig. 2 with Figs .3 and 4 shows that there is no any 
considerable difference in widths of the photonic band 
gapsof TM modes and so there is no bandgap for TE 
modes. Hence, one can deduce that the kind of metal 
rods has not substantial effect on the photonic band-
gap. 
    C. Finally, we investigate the effect of different 
dielectric background on widths of the photonic band 
gaps for copperrods. Our simulation results are sum-

Table. 3. Bandgaps for Copper rods in square lattice with different r/a(0.2,0.4) ratio, center wavelength: 1.55μm 
(ncu=0.606+i8.26), with different backgrounds. 
 

r/a=0.4 r/a=0.2 

߱ܽ
ܿߨ2

ൌ
ܽ
ߣ

 
TE mode 

߱ܽ
ܿߨ2

ൌ
ܽ
ߣ

 
TM mode 

Background  ߱ܽ
ܿߨ2

ൌ
ܽ
ߣ

 
TM mode 

Background  

(TE1-2)=0.11 
(TM0-1)=1.04 
(TM1-2)=0.52 
(TM3-4)=0.14 

Air (TM0-1)=0.5 
(TM1-2)=0.09 Air 

(TE1-2)=0.037 (TM0-1)=0.35 
(TM1-2)=0.17 Alumina (TM0-1)=0.224 

(TM1-2)=0.05 CdS 

(TE1-2)=0.033 (TM0-1)=0.3 
(TM1-2)=0.15 Si (TM0-1)=0.174 

(TM1-2)=0.039 Alumina 

(TE1-2)=0.032 (TM0-1)=0.29 
(TM12)=0.143 InP (TM0-1)=0.151 

(TM1-2)=0.033 Si 

(TE1-2)=0.031 (TM0-1)=0.28 
(TM1-2)=0.14 GaAs (TM0-1)=0.149 

(TM1-2)=0.032 InP 

(TE1-2)=0.028 (TM0-1)=0.26 
(TM1-2)=0.13 Ge (TM0-1)=0.144 

(TM1-2)=0.03 GaAs 

   (TM0-1)=0.130 
(TM1-2)=0.029 Ge 

   (TM0-1)=0.094 
(TM1-2)=0.021 PbTe 

 
                       (a)                                                                                     (b) 

Fig. 3. Photonic band diagrams for silver rods in air background. The first 8 bands for TM (a) and TE (b) modes. 
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marized in Table 3. As shown in Fig. 5, the cutoff 
frequency and width of the first and second band gaps 
decrease by increasing dielectric constant with fixed 
r/a ratio. 
 
 
 

4. Conclusions 
 

In this paper, we have numerically analysed the pho-
tonic band structure of 2-D metallic-dielectric photon-
ic crystal structures which consist of square arrays 
with circular metal rods for normal incident wave. 
Using the Drude model for the noble metals (Cu, Ag, 

 
                     (a)                                                                                       (b) 

Fig. 4. Photonic band diagrams for gold rods in air background. The first 8 bands for TM (a) and TE (b) modes. 
 

 
(a)                                                                           (b) 

 
     (c)                                                                                      (d) 

Fig.5.  Band gaps diagrams for square lattice with different background. (a) GaAs and (b) CdS background for TM 
mode. (c) background with εr=8.9 and (d) background with εr=12.4 for TE mode 
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and Au), we have calculated the photonic band dia-
grams for TM and TE modes. The results show that 
TM modes have a cutoff frequency and their bandgaps 
appear as soon as r/a ratio increase from zero, while 
TE modes do not have cutoff frequency. Its cutoff 
frequency goes to large frequencies and distance be-
tween its bands increase. By increasing r/a, width of 
bandgaps increased in contrast with photonic dielec-
tric crystals that closed. For TE mode the first gap 
appears when r/a starts at 0.3.Also, we studied photon-
ic band gaps for constantr/a (0.2) for different noble 
metals in air/InP background. With these conditions 
we did not see any considerable difference between 
widths of gaps for different metals. Then by making 
r/a and metal constant, changed the dielectric constant 
of background. The results showed that by increasing 
the dielectric constant of background cutoff frequency 
goes to small frequencies and the width of first and 
second band gaps goes to small quantity. Bands be-
come closer and go to smaller frequencies. Finally, the 
results showed that MDPCs can be used for various 
applications in optical communication such as optical 
add/drop filters, because those can have photonic 
bandgaps in wavelengths of optical communications.  
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