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Abstract A novel method to enlarge the zero-effective-
phase bandgap has been presented in the one-dimensional
photonic crystals by sandwiching the third material between
the two single-negative materials to form a one-dimensional
ternary periodic structure. The band-edges formula for the
one-dimensional ternary photonic crystal is derived based
on the effective-medium theory and the expressions of the
upper and lower frequency limits for the ternary photonic
crystals are obtained. Then two schemes to enlarge the
zero-effective-phase bandgaps are put forward. Moreover,
the angular- and polarization-dependences of the photonic
bandgap are investigated. Finally, the role of the dispersion
in the sandwiched layer on the bandgap extending has been
discussed and two schemes are also presented to enlarge the
zero-effective-phase photonic bandgap.

1 Introduction

Photonic crystals (PCs) have attracted much attention over
the past decades [1, 2], which can generate spectral re-
gions named photonic bandgap (PBG). Electromagnetic
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waves with frequencies falling within PBG cannot propa-
gate through the PCs. There exists the omnidirectional PBG
in some specific structure, which can reflect electromagnetic
waves incidenting at any angle with any polarization [3-6].
One-dimensional photonic crystals (1IDPCs) composed of
alternating layers of positive-index materials (PIMs) and
negative-index metamaterials (NIMs) [7-9] possess zero-
average-index (zero-n) PBG [10-14]. It is also found that
stacking alternating layers of Epsilon-negative (ENG) mate-
rials and Mu-negative (MNG) materials will lead to a zero-
effective-phase (zero-¢efr) PBG [15-17]. Both zero-n and
zero-geff PBGs are omnidirectional PBGs; the properties
(the central frequency and the width) of these PBGs are in-
variant upon the change of scaling and are insensitive to the
disorder, which are also independent on the incident angles
and polarizations. The defect modes inside these gaps are
insensitive to the incident angle [16]. Zero-n and zero-gefs
PBGs are fundamentally different from the usual PBGs in-
duced by the Bragg scattering (Bragg gaps), which have
potential applications in improving omnidirectional mir-
rors [18], omnidirectional optical filters [19], and optical
switches [20], etc.

It has been demonstrated by some authors that the fre-
quency range of the omnidirectional zero-n PBG can be en-
hanced by combining two or more 1D binary PCs (photonic
heterostructures) [13, 21]. Recently, enlarging the zero-n
bandgap frequency range in one-dimensional ternary PC
(three material layers constituting a period of the lattice) is
also presented [22]. However, the schemes to enhance fre-
quency range of the zero-gefr PBG are still absent, and there
are a few papers discussing how to enlarge this omnidirec-
tional reflection band. In this paper, we report an approach
to enlarge the omnidirectional frequency range of the zero-
@eit gap by sandwiching another layer between the alternat-
ing layers of two different single-negative (SNG) materials.
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In this one-dimensional ternary PC, it is found that the fre-
quency range of the zero-gefr gap can be enhanced remark-
ably compared to the original binary PCs.

Our study has been carried out in three steps. Firstly, in
Sect. 2, the frequency limits for the upper and lower band-
edges of the zero-geff PBG in the one-dimensional ternary
PC are obtained based on the effective medium theory. Then
in Sect. 3, we investigate systemically the properties of om-
nidirectional zero-gefr PBG in this one-dimensional ternary
PC by using the photonic band-edges formula, and a novel
method to extend zero-gesr PBGs is proposed. The results
obtained are summarized in Sect. 4.

2 Basic equations and numerical method
2.1 Transfer-matrix method and the dispersion relation

The one-dimensional binary PC (AB)M is formed by alter-
nating layers of two different materials (A and B). For the
zero-n bandgap, the layers A and B are PIMs and NIMs
respectively; for the zero-gesr bandgap, the layers A and B
are ENG material and MNG material, respectively. The one-
dimensional ternary PC (ACB)M is constructed by sand-
wiching a thin layer of a third material C between the two
layers of the binary structure periodically (Fig. 1). We as-
sume that the thickness of the medium A(e,, uy), medium
B(ep, up) and medium C(e,, o) are d4,dp, and dc, re-
spectively. And d = d + dp + dc is the period of the unit
cell, M is the number of periods.

We use the transfer-matrix method (TMM) [23] to iden-
tify the transmittance spectra of the structure. Let a plane
wave be incident from vacuum at an angle 6 onto the
1DPC with +z direction. Generally, the electric and mag-
netic fields at any two positions z and z + Az in the same
layer can be related via a transfer matrix [23],
costkizAz)  —L sin(kizAz)) o

giz sin(ki; Az)

M(Az, w) = ( cos(ki; Az)

where i = A, B,C denote different layers, and k;; =

(w/c) /i /iy 1 — sin? 0/e;ip; is the components of the

dx dc

Fig. 1 Schematic of a one-dimensional ternary photonic crystal
[ACBIM constructed by sandwiching the layer C between the alter-
nating layers of material A and material B in the air background
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wave vector along the z axis in the medium, g;, =

JEi iy 1 —sinzé/sim for the TE-mode, and ¢;; =

NITYNCYA S sin® 0/¢e;u; for the TM-mode, c is the vac-
uum speed of light. The total transfer matrix connecting the
field at the incident end and the exit end can be written as

2M
X(w)=]"[Mi(Az,w)=< )

i=1

xi1(w) X12(w)> .

x1(w)  x22(w)

Then the transmission coefficient ¢ (w) can be obtained from
the TMM [23],

_ 2q0
" [qox2(®) + gsx11(@)] — jlgogsxi2(@) — x21(w)]’
A3)

t(w)

Here, go = g5 = cos @ for the vacuum of the space z < 0 be-
fore the incident end and the space z > L after the exit end,
where L is the total length of the 1DPC; x;; (w) (i, j =1, 2)
are the matrix elements of X (w), j denotes the imaginary
unit.

Moreover, for an infinite periodic structure (M — 00),
based on the Bloch’s condition ¢(z 4+ d) = exp(j Kd)¢(z)
and the boundary condition, the dispersion relation for any
incident angle follows that [24]

cos(Kd) = cos(ka,da) cos(kp,dp) cos(kc.dc)

_ l(% n @)
2\qB: 9qa:
x sin(ka.d4) sin(kp,dp) cos(kc.dc)

1 .
- —(qﬁ + @> sin(kazda)
2\qc:  9a:

x cos(kp;dp) sin(kc;dc)

_ l(& N &)
2\qc: 98Bz
X cos(kazda) sin(kp,dp) sin(kc,dc). “)

For the binary PCs, we can assume that d¢c = 0, then the
dispersion relation can be recovered to the following form
[24]:

cos(Kd) = cos(ka,da)cos(kp.dp)

- ("i - @> sin(kazda) sin(knedp), ()
4Bz  qAz

which has been discussed in plenty of work [15, 16] where
K is the z component of Bloch wave-vector. For a real K,
the Bloch waves are propagating, but a complex K indicates
the presence of PBGs, where the wave propagation is inhib-
ited. If the materials are SNG materials, then k;, and g;, are
imaginary numbers. Hence, k;; = jlki;| and gi; = jlqi;l,
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we can use the relation cos(ilk;;|d;) = cosh(|k;i;|d;) and
sin(i|ki;|d;) = i sinh(|k;;|d;), then the transfer matrix and
dispersion relation can be transformed to the corresponding
equations for the SNG materials.

2.2 Effective-medium theory and the location of the
photonic bandgap edges

The transfer matrices of the each layer are as the following:

1 ..
Moy(da. ) = COS.(kAsz) — g Sin(kazda) ’
gazsin(ka.dy) cos(kazda)
1 .
Mp(dy. w) = costBZdB) s sin(kp.dp) ®)
qB; sin(kp;dp) cos(kp.dp)
] .
Me(de. ) = cos.(kczdc) ~c sin(kc.dc)
qcz sin(kczdc) cos(kczdc)

My(d, w) = Ma(da, 0)Mp(dp, w)Mc(dc, w)

1
A o s 20cfa o S8 fc
(cd[(SAfA +epfptecfo) +sin" OGS+ 0+ )] !

It is evident that in the subwavelength limit, the product of
the wave vector k;; and the thicknesses of the layers Az
(=da, dp,dc) generally satisfy the condition k;;Az < 1.
As aresult, we have sin(k;; Az) ~ k;; Az and cos(k;; Az) =~ 1.
Then, for the TE polarization, the transfer matrix of every
layer has the form,

1 —pada(w/c)
Ma(da, w) = ( %) sin? 9 ’
—?SA(l — m)dA 1
1 —updp(w/c)
Mp(dp, w) ~ ( sin? 0 ,(7)
—%83(1 ~ isin )dp 1
1 —pcdce(w/c)
Mc(dc, w) ~ sin2 6 .
(—%Sc(l — —;?MC )dc 1 )

The total transfer matrices for the unit cell can be written as

—%d(MAwaLMBfBJrMcfc)) ®)

where fA = dA/d,fB = dB/d, fC = dc/d,d = dA +
dp+dc.

On the other hand, since the layered structure has an
anisotropic electromagnetic property, we can assume that
the effective slab has the effective permittivity and perme-
ability to be anisotropic and have the diagonalizable forms
as follows [25, 26],

geftx 0 0
gff=| O ety O |,
0 0 Eeffz
9
Meffx 0 0
Meff = 0 Mefty 0
0 0 Meffz

When the electromagnetic wave is propagating in the effec-
tive slab, the effective wave vector for the TE polarization
can be determined by the following equation:

2
w Meffx ;2
ke, = Ecffy Mefix —5 — (10a)
1t eity eftx ffx >
e o hettz O
and
2 w? Eeffx ;2
keffz = Meffy€effx —5 — _keffxa (10b)
C Eeffz

for the TM polarization, where kgffx can also be written as
kgffx = (w*/c?)sin?#, and in the subwavelength limit, the

effective transfer matrix of the effective slab is:

Mege(d, o)

_ cos(kefr;d)
cos(kefr;d)

—MHe xd
Heft (w/0)>’ an

— oo sin(ketrzd)
Gettz Sin(kq d)

sin? 9 )d 1

Eeffy Heffz

1
N ((w/c)eeffy(l -

where keff; = (@/c)/Zefix. J/Tﬁy\/ 1 — sin® 0/ ecft; plefry are

the components of the wave vector along the z axis in

the medium, gefr; = \/Eefix/ M\/ 1 — Sin® 0 /ectt; Hefry
for the TE-mode.

Comparing (8) with (11), we then get the three elements
of the effective permittivity and permeability tensors of the
unit cell,

Heftx = LA fa + 1B fB + 1c fc,

geffy = €A fa +epfB +ec fc, (12)
A
= (L L2y S0,
MA “B HC

As for the TM mode case, we just need to make a substitu-
tion of ¢ <> . Then the other three effective elements can
be obtained
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ety =€ fa+eBfB+ecfc,
Metty = A fa+ 1B [+ 1c fc,

Seffz=1/<ﬁ+f—3+&).
EA EB Ec

In the effective slab, when the effective wave vectors
kgffz > (, the waves can propagate in the medium; on the

13)

contrary, when kgffz < 0, kefr; is an imaginary number,
hence waves cannot propagate in the medium, then the PBG
will exist. Hence, the conditions for the PBG edges can be
written as

k2. = 0. (14)

Combined (10) and (14), we can obtain the photonic band-
edges formula as the following expressions:

§—plsin?0=0 and =0 (15)
for the TE polarization, and
§=0 and ji—e lsin?0=0 (16)

for the TM polarization, where i = s fa+up fp+ ,uLfc,
E=eafatepfptecfo,n =48I ande T =
) f J
St

For the normal incidence, 8 = 0, hence the frequency lo-
cations of the PBGs edges for both polarizations can be sim-
plified as

§=0 and i=0. (17)

When the structure is binary PC, we can set f. = 0, then
the band-edges formula will restore to the formula for the
binary PC in the zero-ges or zero-n PBGs [27, 28].

The band-edges formula (15)—(17) can apply to the zero-
@etr or zero-in PBGs. When only one of the conditions holds,
the conditions at the normal incidence should become

§=0 or =0 (18)

& = 0 for the ENG materials and @ = 0 for the MNG mate-
rials.

3 Results and discussions

In the present paper, we discuss how to enlarge the zero-
oeff PBGs, hence it is assumed that A is ENG material, B
is MNG material, and layer C maybe the PIM, NIM and
SNG material. We adopt the Drude model to descript the
dispersion dielectric permittivity and magnetic permeability
of the SNG material,

o

cA=¢€1— —, KA = J41, 19)
w
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and

e =é€2, u3=uz—£2- (20)
w

Here, we have neglected the losses because we just want
to discuss the methods of the enlargement of the zero-gess
PBGs principally, in general, the losses will change the in-
tensity peak of the transmission or reflection coefficient and,
however, it cannot change the fundamental properties of the
zero-@err PBGs.

For the normal incidence, according to (17), the band-
edges frequencies can be written as

o
§=0)= 21
o1 =0 \/81 + (dp/da)er + (dc/da)es’ @l

] s
=0)= . 21b
@2 (=0 \/ 1o+ @afdpn + dcldpis )

Here, in order to simplify the problem, firstly, we have
assumed that the layer C is nondispersive materials, ec = €3
and puc = u3. When dec = 0, the band-edges frequencies
can be recovered to the corresponding relations in the binary
PCs containing two different SNG materials:

_ o
o E=0)= V &1+ (dp/da)er’ (222)
o (i=0)= | — P (22b)
wo + (da/dp)n

If w1 < w2, w; is the lower frequency band-edge and wy
is the upper frequency band-edge; contrarily, w> is the
lower frequency band-edge and w; is the upper frequency
band-edge. The width of the zero-¢.ff PBGs can be written
as

Aw = |wr) — wi]. (23)

The bigger difference between w; and w» is, the larger band-
width Aw can be gotten. By comparing (21) with (22), it is
found that increasing or decreasing the thickness d¢ are not
very effective for enlarging zero-g.srf PBG when €3 and u3
have identical signs, in this sense w; and w, will increase
or decrease at the same time. The situation is similar for
increasing or decreasing €3 and 3 with the same sign. To
enlarge the width of the zero-¢.ff PBG remarkably in the
ternary 1DPC, we adopt the following schemes according
to (21)-(23):

(1) when w; < w3, to obtain a larger width Aw, we set
&3> 0and u3z <O0;

(2) when w1 > wy, to obtain a larger width Aw, we set
&3 <0and u3z > 0.
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In the following numerical calculations, we assume that
e1=mr=1, &0 =p; =3, and a = g = 100 (GHz?),
ds = 12 mm, and have neglected the loss in the simula-
tions.

3.1 Normal incidence

First, we discuss the PBG of the binary PCs containing
two different SNG materials, the projected band struc-
ture at the normal incidence obtained from the TMM is
plotted as a function of the frequency and thickness ra-
tio dp/da in the Fig. 2, where d4 = 12 mm. It is clear
that the point of intersection exists at w; = wp = 5 GHz
when ds = dp. Furthermore, if dp < dy4, then w; > wa,
hence w; is the upper frequency band-edge and w» is the
lower frequency band-edge; but as dp/d4 is increasing,
when dp > da, w1 becomes the lower frequency band-edge
and w; turns into the upper frequency band-edge. Also,
it is shown that the band-edges frequencies obtained by
the band-edge formula agree well with the results in the
TMM.

Next, we consider two kinds of cases. For the first case,
we choose dp = 6 mm. In this case, w; > wy, according to
the Scheme (2), we set e3 = —3, u3 =1, and d¢c = 6 mm,
the transmittance spectrum of the 1DPC (ACBM has been
shown in Fig. 3(a). For the another case, the thickness of the
material B’ is larger than the thickness of the material A,

15

-
N

w0

Angular Frequency o (GHz)

0.0 0.5 1.0 1.5 2.0
Thickness ratio dBId i

Fig. 2 The upper and lower frequencies limits obtained by the
band-edges formulas at normal incidence, where the dashed-line is
w1, the dotted-line is w,. For comparison, we also plotted the pro-
jected band structure obtained by TMM,; the black region is the pho-
tonic bandgap. The parameters are ¢ = up = 1, &, = u; = 3 and
a =B =100 (GHz2), d4 = 12 mm

we assume dp = 24 mm, hence w; < w», according to the
Scheme (1), we set &3 = 1, u3 = —3, and d¢ = 6 mm, the
transmittance spectrum of the 1DPC (ACB’)M is shown in
Fig. 3(b). To be convenient for comparison, we also plot the
transmittance spectra for the binary PCs [(AB)M or (AB")M]
in the corresponding figures. For the first case, the band-
width of the binary PC (ABM is Aw = 2.65 GHz, and the
bandwidth of the ternary PC (ACBM is Aw = 6.3 GHz.
The bandwidth in the ternary PC has been extended to 2.38
times as that in the binary PC. However, for the second
case, the bandwidth of the binary PC (AB’ W is Aw =
2.3 GHz, and the bandwidth of the ternary PC (ACB/)M
is Aw = 3.7 GHz, the bandwidth in this ternary PC is the
1.61 times as that in the binary PC. Hence, our schemes for
enhancing the width of the zero-¢.sf PBG are very effec-
tive.

Of course, the width can be extended continually. In the
first case, it can be realized by increasing the absolute value
of €3 or u3. Generally, increasing the upper frequency limit
is more effective than decreasing the lower frequency limit
for enlarging the bandwidth. Figure 4(a) shows the trans-
mittance spectra for the first case when ¢3 = —3, —4 and
—5, the corresponding dispersion relations are also given
in the Fig. 4(b). It is clear that the gap widths have been
enlarged when the absolute value of €3 increases. The in-

1'0 I T ‘ N ny "|
| t R
] BRI
] Y
] T
H Sate .
¢ R AR
] R
0.5- 1 n
‘ Ill
! W
J W
3 : !
£ ! : === (AB)"
3 ' N J M
= 0.0- : . —(ACB)" _
E a T r T . r .
& '
= :Z|§ :
i ol
! h
[ |:
i i
[} 't I i
! n
::--l
wat vl
W " Wiy
v i
} g
T L) L -I----
0 3 6 9 12 15
b Angular Frequency o (GHz)

Fig. 3 Transmittance spectra for two different one-dimensional
ternary photonic crystals are shown in solid-line. (a) (ACB)M, where
dg =12 mm, dg = 6 mm, e3 = =3, u3 = 1, and d¢ = 6 mm;
(b) (ACBM, where dy = 12 mm, dg =24 mm, &3 = 1, u3 = —3,
and dc = 6 mm. To compare, the corresponding transmittance spectra
for one-dimensional binary photonic crystals (ABM and (AB")M are
also shown in dashed-line, where M = 20
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Fig. 4 Transmittance spectra ® 1.0 v T
and dispersion curves for two 2 | N —— =
different one-dimensional 5 _
ternary photonic crystals for E 0.5+ o4
different &3 or 3. (a) PC @ | ) " E=-
(ACBM, where dy = 12 mm, ©
dp =6 mm, u3 =1, and :i_ 0.0 - -
dc =6mm, &3 =-3 1.0
(solid-line), e3 = —4 _
(dashed-line), and e3 = —5 o 1 g,="3
(dotted-line); (b) the T 054 = 83=-4
corresponding dispersion x =5
relations for (a); (¢) PC 1
(ACB"M, where d4 = 12 mm,
dp =24 mm, g3 = 1, and b 0.0 o !
dc =6 mm, u3 = —3 01'0 vt " T
(solid-line), uz = —4 § ]
(dashed-line), 3 = —5 £
(dotted-line); (d) the g 059
corresponding dispersion E 4
relations for (c) =
L E ——— -
1.0
T 0.5+
X
0.0 : —At——TT—T——1
0 2 6 8 10 12 14 16 18 20
d Angular Frequency o (GHz)

creases of absolute value of £3 makes the upper frequency
limit shifts to higher frequency. However, the lower fre-
quency limit is not moving due to the fixed u3 = 1. For
the second case, the gap widths can also be enlarged con-
tinually by increasing the absolute value of €3 or 3. Fig-
ure 4(c) shows the transmittance spectra when = —3, —4
and —3, the corresponding dispersion relations are given in
the Fig. 4(d). The gap widths have been enhanced by in-
creasing the absolute value of p3. It should be pointed out
that the gap width in the first case is larger than that in the
second case.

Moreover, through the analysis of (19), it is indicated
that the gap widths will be extended by increasing the
thickness of the layer C. Figure 5 shows the transmit-
tance spectra and corresponding dispersion curves for the
above two cases. For the first case (Figs. 5(a) and 5(b)),
when the thickness of the layer C increases from 6 mm
to 10 mm, the upper frequency limits moves to higher
frequency remarkably, however, the lower frequency lim-
its shifts to lower frequency slightly. For the second case
(Figs. 5(c) and 5(d)), as the increases of the thickness
of the layer C, the upper frequency limits also move to
higher frequency, however, the magnitude of gap width
variations is smaller than that in the first case by increas-
ing dc.

@ Springer

3.2 Oblique incidence

Up to now, we have just investigated the transmittance spec-
tra and schemes to enlarge the gap width of the zero-¢esr
PBG at the normal incidence. However, the incident angle
has strong effect on the gap width of the zero-¢.fr PBG. To
get the gap width of the omnidirectional PBGs, we must
consider the electromagnetic waves incident at any angle
with any polarization. Next, we choose the first case as an
example, and demonstrate that the omnidirectional PBGs are
also been extended in the ternary PC. The results have been
displayed in the Fig. 6. Figures 6(a) and 6(b) show the pro-
jected band structures for binary PCs (AB)M for TE and TM
polarization, respectively. To compare, the upper and lower
frequency limits obtained by (15) and (16) are also shown in
the Fig. 6. It is clear that the omnidirectional PBG width of
(ABWM is about Aw; = 2.545 GHz. Furthermore, Figs. 6(c)
and 6(d) present the projected band structures for ternary
PCs (ACB)M for TE and TM polarization, respectively. It is
found that the upper frequency limit of the TE polarization
shifts to lower frequency remarkably, which has decreased
the omnidirectional PBG width strongly. The omnidirec-
tional PBG width of (ACB)M is about Aw, = 4.904 GHz.
The omnidirectional PBG width in the ternary PC is almost
two times as the width in the binary PC (ABM.
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Fig. 5 Transmittance spectra 1.0 4
and dispersion curves for two
different one-dimensional
ternary photonic crystals for
different thickness of the

layer C. (a) PC (ACB)M, where

0.5+

0.0

dya =12 mm, dg =6 mm,

* Transmittance

u3 =1, and g3 = —3, (b) the 1.0

corresponding dispersion
relations for (a); (¢) PC 1
(ACB"M, where d4 = 12 mm,
dp =24 mm, ¢3 =1, and

3 = —3, (d) the corresponding 4
dispersion relations for (c). In

Kd/n
o
[3,]
L

the figures, the solid-line is for b 0.0
dc = 6 mm, the dashed-line is o 10
for dc = 8 mm, the dotted-line 2 ]
is for d¢c = 10 mm g
E 0.5+
0
c .
o
" 0.0
C
1.0
£
T 0.5
X
0.0 T
0 2
d

Fig. 6 (a) and (b) are the
projected band structures for
binary PC (AB)M of the TE
polarization and TM
polarization, respectively. (c¢)
and (d) are the projected band
structures for ternary PC
(ACBM of the TE polarization
and TM polarization,
respectively. The parameters
have the same values as those in
the Fig. 3(a). To compare, the
upper and lower frequency
limits obtained by the
band-edges formula are also
displayed in the figures, where
the dashed-line is the upper
frequency limit and the
dotted-line is the lower
frequency limit

Angular Frequency o (GHz)

3.3 Role of the dispersive permittivity and permeability in
the material C on the bandgap extending

In the above discussion, the dispersions of the permittiv-
ity and permeability in the material C have been neglected.
However, the dispersion of the metamaterials is inevitable.
Next, we will discuss the role of the dispersions on the
bandgap extending.

T T

) 1 1 L) v L v
6 8 10 12 14 16
Angular Frequency o (GHz)

0 30 60 90 90 920

60
Incident Angle 6 (Degree)

30 0 30 60

Now we assume that the material C is governed by the
Durde model,

/ /

o
he=pn3 — —,
w

&c =83 —
where o’ and B’ are the electric and magnetic plasma fre-

quencies, and we consider that both &3 and w3 are positive
constants. At the normal incidence, according to the pho-
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Fig. 7 Transmittance spectra
(a)—(e) and the corresponding
dispersion curve (f) for the
one-dimensional ternary
photonic crystals PC (ACB)M at
different B’. (a) B/ =0, a
(b) g’ =100, (¢) g’ = 200,
(d) B/ =300, and (e) B’ =400,
the unit of B’ is (GHz)?, where
o' =0,dc =6mm, e3 =1, and 4
n3 = 1, the other parameters 0.0tocccane
have the same values as those b 1.0 ot
in Fig. 3(b) 2 : o
g ]
= .5
£
w E
g
2 e LI S,
1.0 —
0.5 4
d 0.0 -
1.0 ——
0.5
e 0.0 T
1.0
& 4
S 054
0.0
0
f

tonic band-edges formula in (17), the upper and lower band-
edges frequencies should be rewritten as

= o+ (dc/dy)a’
=0)= , 25
e ) \/81 + (dp/da)er + (dc/da)es (252)
- B+ (dc/dp)p’
=0)= ) 25b
@21 =0) \/ 12 + (da/dp)1 + (de/dp) s (25b)

Comparing (25) with (21), it is found that the denominators
have the same form, but in the new equations, €3 and w3
cannot be negative. Moreover, the numerators has the new
terms about &’ and B’ in (25). When o’ =0 and 8’ =0, (25)
will recover to the band-edges formula (21) for the nondis-
persive material C. Now, we can discuss the schemes for
extending the zero-g¢gr PBG in the new circumstance. In or-
der to simplify the analysis, we set €3 = u3 = 1. Hence, we
can also get the two schemes for achieving the greater band-
width Aw = |w1 — w3 | according to (25):

(a) When w1 < w;, to obtain larger width Aw, we should
have smaller ' and larger B’, which will decrease w;
and increase w»;
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(b) When w1 > w3, to obtain larger width Aw, we should
have larger @’ and smaller 8/, which will increase wi
and decrease w>.

According to the scheme (a), we can set &’ = 0, hence the
lower frequency limit (w1 (¢ = 0)) keeps fixed and the up-
per frequency limit (w2 (it = 0)) increases if we increase 8’.
Combined these conditions with (24), it is found that at the
same frequencies the greater value of 8’ is, the more nega-
tive value of ¢ is. Hence, the material C shows the nature
of the MNG material. Similarly, according to the scheme (b),
we can set B8’ = 0, the lower frequency limit (wy (1 = 0))
keeps fixed and the upper frequency limit (w; (¢ = 0)) in-
creases if we increase o. Then in this scheme, the material
C shows the nature of the ENG material. And the greater
value of o is, the more negative value of e is.

Firstly, we consider the scheme (a), the dependences
of the transmittance spectra on the different 8’ have been
shown in Fig. 7, where we have set e3 = u3 =1, o’ =0.
To assure the condition w; (¢ = 0) < wy (it = 0), we assume
that dp = 24 mm, the other parameters in the materials A
and B have the same values as those in the Fig. 2. Fig-
ure 7(a) shows the transmittance spectra of the binary PC.
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Fig. 8 Transmittance spectra
(a)—(e) and the corresponding
dispersion curve (f) for the
one-dimensional ternary
photonic crystals PC (ACB")M
at different o’. (a) &’ =0,

(b) o’ =100, (¢) o’ = 200,

(d) &’ =300, and (e) &’ = 400,
the unit of o’ is (GHz)2, where
B =0,dc =6 mm, ¢3 =1, and
3 = 1, the other parameters
have the same values as those in
Fig. 3(a)

Transmittance
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Obviously, as the sandwiching of the layer C, the lower fre-
quency limits have remained almost the same, however the
upper frequency limits shift to higher frequency continually
with the increasing B’. These results cause the widths of
the bandgaps increasing continuously as the increasing 8.
Here, the larger B’ means more negative pc, which has
similar nature with the scheme (1) in the non-dispersive

layer C.

Next, we discuss the scheme (b), here we assume that
dp = 6 mm, and the other parameters on the materials A
and B have the same values as those in the Fig. 7, which
is calculated under wi(¢ = 0) > wy(u = 0). The depen-
dences of the transmittance spectra on the different o’ have
been shown in the Fig. 8, where we have set &3 = u3z =1,

I —

= 0. Similar to the scheme (a), the upper frequency lim-

its shift to the higher frequency as the increasing o', and
at the same time the width of the bandgap becomes larger
and larger. Here, the bigger o’ means more negative ec,
this scheme has akin properties with the scheme (2) in
the nondispersive layer C. Comparing the scheme (b) with
scheme (a), it is clear that we can obtain wider width of
the zero-gerf PBG in the scheme (b) at the same condi-

tions.

T

- - - T T
6 8 10 12 14 16
Angular Frequency o (GHz)

4 Conclusion

In summary, the band-edges formula for the one-dimension-
al ternary photonic crystal is derived based on the effective-
medium theory and the expressions of the upper and lower
frequency limits for the ternary photonic crystals are ob-
tained. Then we presented two schemes to enlarge the zero-
effective-phase (zero-gefr) bandgaps in the one-dimensional
ternary photonic crystals. It is found that the gap width
can be enhanced remarkably by sandwiching the layer C
between two single-negative materials. Moreover, the en-
hancement factor can be continually increased by tuning the
permittivity, permeability, and the thickness of the layer C.
Finally, the angle- and polarization-dependence of the PBGs
have been investigated. It is found that the omnidirectional
PBG width of the zero-ger PBG in the ternary PC is almost
the two times as the width in the binary PC. Finally, the role
of the dispersion in the sandwiching layer on the bandgap
extending is discussed. It is found that the zero-p.srf PBG
can still be extended remarkably when we increase the elec-
tric or magnetic plasma frequencies. In that case, such an
omnidirectional and wider bandwidth PBGs will offer many

@ Springer
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prospects for omnidirectional optical switches, optical fil-
ters, and other optical devices in the future optical commu-
nication.
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