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The band structures of one-dimensional photonic crystals containing a defect layer with a negative refractive
index are studied, showing that the defect modes possess three types of dispersion: positive, zero, and negative
types. Based on these three types of dispersion, practical designs for large incident angle filters without
polarization effect and for narrow frequency and sharp angular filters are suggested. Moreover, the splitting of
one degenerate defect mode into multiple defect modes is observed in the band gap when the parameters of the
defect layer vary. This mode splitting phenomenon can be used to design multiple channeled filters or filters
with a rectangular profile. The dispersion multiplicity of the defect modes can be understood by an approxi-
mate formula, and the critical condition for the defect mode splitting is also analyzed. Based on these analyses,
practical optimization design of omnidirectional filter is also suggested.
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I. INTRODUCTION

Photonic crystalssPCsd have attracted much scientific in-
terest during the past decade due to their novel electromag-
netic properties and potential applicationsf1,2g. It has been
proved that the inference of Bragg scattering in a periodical
dielectric structure is the reason to form a photonic band gap
sPBGd. When the periodicity is broken by introducing a de-
fect into a PC, a localized defect mode will appear inside the
Bragg gap due to change of the interference behavior of
light. In the case of the conventional one-dimensionals1Dd
PCs, which are made of dielectric media with positive refrac-
tive indices salso called right-handed materiald, it is well
known that, as the incident light changes from normal to
oblique incidence, the effective optical lengths of all the me-
dium layers, including the defect layer, reduce. This strongly
influences the interference process within the PCs, and then
causes both the Bragg gap and the defect modes to shift into
higher frequencies. For this reason, the phenomenon of PBG
has been used for mirrors only under a narrow range of fre-
quencies of light incident at a particular angle or within a
particular angular range; and that of the defect modes has
been used for filters also only under the limit to the normal
incidence.

Thus, how to overcome these angular effects have at-
tracted great interest recently. Based on the mechanism of
Bragg scattering, Finket al. f3,4g realized a dielectric omni-
directional reflector. On the other hand, some researchers at-
tempted to realize a PBG related to the mechanism beyond
Bragg scatteringf5,6g in the left-handed materialssLHM d.
Such materials possess negative refractive indicessn
=Î«Îmd, which is due to simultaneously negative permeabil-
ity and permittivity f7,8g. It has been demonstrated that
stacking alternating layers of positive and negative media

leads to a type of PBG corresponding to a zerosvolumed
averaged refractive indexf5g. Further investigations showed
that such zero-averaged refractive index could result in an
omnidirectional gap, and that the defect modes in zero-n̄ gap
were weakly dependent on the incident anglesf6g.

It is worthy of notice that the mechanism of Bragg scat-
tering also works in some cases of 1D PCs containing LHM
f9g, and can result some particular phenomena, such as un-
usual narrow transmission bandsf10g, which are expected to
be forbidden regime in the case of conventional 1D PCs. In
this work, we study the properties of the defect modes in 1D
PCs containing a defect layer with a negative refractive in-
dex, and demonstrate that the defect modes possess many
unique properties, such as dispersion multiplicity, splitting of
degenerate modes, and transmission independence on the in-
cident angles, which can also be explained by the mechanism
of Bragg scattering. The present paper is organized as fol-
lows. In Sec. II, the dispersion relation of the defect modes is
studied numerically, and threespositive, zero, and negatived
types of dispersion of the defect modes are demonstrated.
Applications of the dispersion multiplicity are also sug-
gested. Then in Sec. III based on Bragg scattering, a formula
is deduced for understanding the dispersion multiplicity of
defect modes. In Sec. IV, the splitting of one degenerate
defect mode into multiple defect modes in the band gap is
investigated, and the critical condition for this mode splitting
transition is analyzed. The practical design for filters with a
rectangular profile and multiple channeled filters based on
the splitting transition of defect modes is suggested. More-
over, distribution of the electronic fields in the 1D PCs is
calculated. Efforts are focused on optimization design for
omnidirectional filters in Sec. V. Three types of criteria for
zero dispersion are proposed. Optimized parameters for the
omnidirectional filters, according to the different criteria, are
given by utilizing the formulas deduced in Secs. III and IV.
We summarize our work in Sec. VI.
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II. DISPERSION RELATION OF DEFECT MODES

We first choose a 1D PC which satisfies the necessary and
sufficient criterion for omnidirectional reflectivity at a given
frequencyf3g, then break the periodicity by introducing a
defect layer with a negative refractive index into the PC to
compose a system with the form ofsABdSACAsBAdS, where
A sBd represents a layer with a positive refractive index ofnA

snBd, a unitary permeability ofmA smBd, and a geometrical
thickness ofdA sdBd, andC represents a defect layer with a
negative refractive index ofnC, a negative unitary permeabil-
ity of mC, and a geometrical thickness ofdC. S is the periodic
number of the subsystems,sABd andsBAd, and for an infinite
system,S→`. For the sake of simplification and with no
influences upon our results, we assume that all the refractive
indices are frequency independent. Let a wave be incident at
an angleu from vacuum onto the considered system. Sup-
pose the incident wave has a wave vectorkW =kxêx+kyêy and a
frequency of v=cukWu, where c is the speed of light in
vacuum, andêx andêy are the unit vectors along thex andy
directions, respectively. The dispersion relationvsK ,kyd of a
perfect 1D PC has been given by Finket al. f3g as follows:

K =
i

a
lnS1

2
TrsUsadd ± H1

4
fTrsUsaddg2 − 1J1/2D , s1d

whereUsad is a unitary 232 translation matrix relating the
amplitudes of the forward and backward plane waves in a
particular layera of one cell in a layer to the amplitudes of
the waves in the same layer of the adjacent cell,a=dA+dB is
the length of a period, andK is the Bloch wave number. The
real or imaginary Bloch wave number corresponds to the
propagating or the evanescent wave, respectively. The solu-
tion of Eq. s1d defines the band structure for the perfect 1D

PC. When a defect is introduced, we have the additional real
Bloch wave numbers in the band gaps, which read

KD =
i

a
ln

Q ± sQ2 + 1d1/2

TrsUsbdd
, s2d

where

Q = TrsUsadUsbdd −
1

2
TrsUsaddTrsUsbdd, s3d

andUsbd, similar to Usad, describes the relation between the
amplitudes of the waves in the defect cell and its adjacent
cell. The solution of Eq.s2d yields the dispersion relation of
the defect modes.

In Fig. 1 are shown the projected band structures of the
considered system. The corresponding parameters for the PC
are nA=4.6 and nB=1.6 with a layer thickness ratio of
dA/dB=1.2/1.2. The gray and white regions in Fig. 1 repre-
sent the pass and forbidden bands, respectively. The two ob-
lique solid lines are so-called light linesf3g corresponding to
the incidence with an angle of 90°. Between the light lines,
all the incident angles are less than 90°. The crossed, square,
and circled curves in the band gaps denote the defect modes
corresponding to different defect layers withnC=−1.6,
−1.95, and −3.6, respectively. In all cases, the optical thick-
ness of the defect layer is one half of the optical thickness of
a single PC cell. According to the symbolic curves shown in
Fig. 1, we know that the dispersion relations of the defect
modes can change from negative to positive types with an
increase of the absolute value ofnC. When a proper mediate
value of nC is chosen, e.g.,nC=−1.95 in our case, zero-
dispersion emerges in a large range ofky. This means that the
frequencies of the defect mode are independent of the inci-
dent angles in a large angular range. It is well known that the

FIG. 1. Dispersion relation-
ships of the defect modes in a PC
containing a LHM defect layer.
The parameters for the PC arenA

=4.6 andnB=1.6 with a thickness
ratio of dA/dB=1.2/1.2. The
crossed, square and circled curves
in the band gaps represent the de-
fect modes corresponding to the
different defect layers withnC

=−1.6, −1.95, and −3.6, respec-
tively. The optical thickness of the
defect layer in any case is one half
of the optical thickness of a PC
cell. Three dispersion typessposi-
tive, zero, and negative disper-
siond of the defect modes can be
observed in the second band gap.
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dispersion relations of the defect modes in a conventional 1D
PC are positive. And near zero dispersion of defect modes
have been found in zero-n̄ gaps recentlyf6g. But the negative
dispersion of the defect modes is the additional phenomenon
in our considered system. This new phenomenon comes from
the physical property, a negative refractive index, of the de-
fect layer. One knows, according to Snell’s law, the refrac-
tion angle of negative index materials is negative. Then con-
sidering the requirements of the boundary condition of
electric vectors, one haskz,0. This means that the optical
thickness of negative refractive index materials is negative.
So, with the increase of the incidence angle, the optical
thickness of the whole system will not always increase like
that in conventional cases. When it decreases, the negative
dispersion emergesssee Sec. III for more detailed math-
ematical explanationsd.

The zero-dispersion phenomenon is useful in designing
large incident angle, and even omnidirectional, filters. In Fig.
2 are shown the transmission properties of a practical design
for a large incident angle filer with a form of
sABd6ACAsBAd6. The transmission spectra are calculated by
a transfer matrix methodf11g, and are respectively corre-
sponding to the incident angles from 0° to 50° with an inter-
val of 10°. The solid and dot curves correspond to TE and
TM modes, respectively. The filter is assumed to be placed in
the air, and all the parameters are the same as former except
for nC=−2.34. And we also assume that the optical thickness
of one cell is a half of the reference wavelengthfl0=2
3 snada+nbdbdg. Here, we choose 2pc/l0 as the unit of fre-
quency, called normalized frequency which is usually used in
thin film optics, in Fig. 2. So the frequency range considered
in Fig. 2 corresponds to that of the second forbidden gap in
Fig. 1. With the value −1.95 ofnC in the present case, the
dispersion of the defect modes is of zero type. The value of
nC for zero dispersion of the defect modes in this case is

different from that in Fig. 1 because a finite structure is con-
sidered in this case while an infinite structure is considered
in the case of Fig. 1. According to the transmission spectra
shown in Fig. 2, we can see that the filter has neither angular
nor polarizing effect when the incident angle is less than 30°,
meaning zero dispersion of the defect mode within this inci-
dent angle. When the incident angle increases, TM mode
shifts toward higher frequencies corresponding with positive
dispersion, while TE mode shifts toward lower frequencies
corresponding with negative dispersion.

Recently, Lianget al. f12g have proposed a technique to
obtain narrow frequency and sharp angular defect mode in
1D PCs by combining two 1D defective PCs, which is useful
in design for novel filters with both narrow-frequency pass-
band filtering and sharp angular spatial filtering. The key of
their technique is to design the two sub-PCs first to make the
frequencies of the defect modes the same in the sub-PCs at a
certain angle, and secondly to make the dispersion deviation
of the defect modes as large as possible between the sub-
PCs. The first requirement can be easily fulfilled by applying
the scaling lawf13g. In order to satisfy the second require-
ment, heterostructures were considered in their investigation.
Here, because the defect modes with negative and positive
dispersion can simultaneously emerge in 1D PCs containing
a LHM defect layer, it is easy to design the same filters with
homostructures of the sub-PCs. We consider a practical de-
sign for a such filer with a form of
sABdS1AC1AsBAdS1BsABdS2AaC2AsBAdS2, where a is a
modulating parameter which determines the optical length of
the defect layerC2 and guarantees the same frequencies of
the defect modes in the two sub-PCs at the incident angle of
zero, andS1 sS2d is the number of the periods. The param-
eters for this structure arenC1=−1.6, nC2=−3.6, a
=1.03131,S1=4, andS2=5, and the other parameters are the
same as former. In Fig. 3 are shown the frequency and inci-

FIG. 2. Transmission spectra
of a large incident angle filer with
a structure form of
sABd6ACAsBAd6 at different inci-
dent angles. The filter is assumed
to be placed in the air, and the pa-
rameters are the same as in Fig. 1
except fornC=−2.34. Fromsad to
sfd are corresponding to the inci-
dent angles from 0° to 50°, re-
spectively, with an interval of 10°.
The solid and dot curves represent
TE and TM modes, respectively.
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dent angle dependent transmission properties of the structure
as described above. As shown in Fig. 3, negative and positive
incident angles are corresponding to TM and TE modes, re-
spectively. The frequency range of omnidirectional reflection
is calculated to be 1.86v0−2.32v0. It is also found that only
the light within a narrow frequency pass-band
s2.0516v0±0.0005v0d and within a sharp breadth of the in-
cident angless0° ±2°d is allowed to be transmitted through
the filter. Moreover, the negative dispersion of the defect
mode in one of the sub-PCs is strongly suppressed, and the
dispersion of the combined defect mode shows positive dis-
persion. The suppression of the negative dispersion comes
from S1,S2. If S1.S2, the positive dispersion would be
suppressed, and the combined mode would show negative
dispersion. The situation ofS1=S2 should be avoided, for the
strong interaction of the defect modes with negative and
positive dispersion would enlarge the frequency pass-band.

III. APPROXIMATE ANALYSIS OF DISPERSION
MULTIPLICITY OF DEFECT MODES

In the previous section, we have numerically demon-
strated the properties of the defect modes in 1D PCs contain-
ing a defect layer with a negative refractive index. Having an
approximate analytical formula, one may more easily under-
stand these unique properties such as dispersion multiplicity
of the defect modes. For this reason, we perform an approxi-
mate analysis of the defect modes on the base of Bragg scat-
tering mechanism. We now assume that the optical thick-
nesses ofA, B andC, respectively, arel0/4, l0/4, andgl0 at
a frequency ofv0, wherel0 is the wavelength corresponding
to v0, andg is related to the properties of the defect layer.
Therefore, the phase change between the forward and back-
ward waves in the defect layer is

usv,fd = − 2«sv,fd +
4gpv cosf

v0
, s4d

where« is the phase change resulted from Bloch scattering,
andf is the refractive angle in the defect layer. According to
Smith’s discussionsf14g, we know that the defect modes
appear whenu is equal tou0=2NpsN=1,2, . . .d. Suppose
u0=2p whenv=v0 andf=0. Thus, at the frequency ofv0,
one has

Dusfd = usfd − u0 = − 2f«sv0,fd − «sv0,0dg

+ 4gpscosf − 1d. s5d

Pidgeon and Smithf15g have obtained the dependence of«
uponfe in the limit nr

S.15, wherenr =nA/nB andfe is the
incidence angle. Substituting their results into Eq.s5d and
assuming thatfe is small enough, we have

Dusfed = − S2J +
2gp

nC
2 Dsin2 fe, s6d

where

J =
1

2

nCp

mCnA
F 1

nA
2S nr

2

nr
2 − 1

D +
1

nB
2S nr

nr
2 − 1

DG ,

which is always positive. The first term on the right-hand
side of Eq.s6d represents the angular effect of the Bragg
scattering in the 1D PCscalled ABC effectd, and the second
term represents the angular effect due to the physical prop-
erties of the defect layerscalled AD effectd. According to Eq.
s6d, one can see that the ABC effect tends to push the defect
modes into higher frequencies, while the AD effect tends to
do the same thing or the opposite thing corresponding to
whether the refractive index is positive or negative. If the
value ofg is determined, the increment ofunCu enhances the
ABC effect and weakens the AD effect. In the case of a

FIG. 3. Frequency and incident
angle dependent transmission of a
heterostructure with a structure of
sABd4AC1AsBAd4BsABd5AaC2AsBAd5.
The refractive indices of layersC1

and C2 are −1.6 and −3.6, respec-
tively, and a=1.03131. The param-
eters of layersA and B are the same
as in Fig. 2. The negative and posi-
tive incident angles are corresponding
to TM and TE modes, respectively.
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defect layer with a positive refractive index, both effects con-
tribute to increasing of the frequencies of the defect modes,
and the dispersion of the defect modes is always positive. On
the contrary, if the refractive index of the defect layer is
negative, the two effects compete with each other. When the
ABC effect is dominant, i.e.,f2J+2gp /nC

2g.0, the disper-
sion of the defect modes is positive. On the other hand, when
the AD effect is dominantsf2J+2gp /nC

2g,0d, the dispersion
is negative. And the zero-dispersion emerges when the two
effects are balancedsf2J+2gp /nC

2g=0d.

IV. SPLITTING OF DEFECT MODES

According to the analysis as described in Sec. III, one can
easily expect that there would be defect modes with a weak
dependence on frequencies. In order to investigate this, we
deduce the dependence ofDu upon frequencies as follows:

Dusvd = usvd − u0 = − 2«svd +
4gpsv − v0d

v0
. s7d

Utilizing Eq. s10Ad in Ref. f15g, and assuming thatv is
sufficiently close tov0, we obtain

Dusvd = − 2
v − v0

v0
st + 2gdp, s8d

wheret=nC/mCnBsnr −1d. Equations8d indicates that the de-
fect modes are frequency independent aroundv0.

Numerical simulations of the transmission spectra, as de-
picted in Fig. 4, are performed for the structure of
sABdSACAsBAdS, confirming the anticipation of Eq.s8d. The
parameters corresponding to Fig. 4sad are nA=4.6, nB=1.6,
nC=−3, g=−0.5, andS=4, and other parameters are the
same as those used in the approximate formulas; in this case,
t=−2g. As shown in Fig. 4sad, the profile of the transmission
spectrum of the defect modes exhibits an altiplano shape. In
fact, if the spectrum is zoomed in on the top, one can see that
the spectrum includes three vicinal defect modesfsee the

inset of Fig. 4sadg. Further investigations show that, when
unCu increases, the two side modes move to the central mode
and then the three modes superpose one anotherfsee Fig.
4sbdg; contrarily, whenunCu decreases, the left mode shifts
toward lower frequencies, and the right one shifts toward
higher frequencies, while the central one remains immovable
fsee Fig. 4scdg.

The explanation of these transition phenomena is similar
to that of the angular effects. Here, the critical condition of
the transition ist=−2g. Whent.−2g si.e., unCu.3d, the fre-
quency effect of Bragg scattering is dominant. In this case,
the behaviors of the defect modes are similar to that in a
conventional system; only a degenerate defect mode exists in
the band gap. On the other hand, whent,−2g si.e., unCu
,3d, the frequency effect due to the physical properties of
the defect modes is dominant, and the behaviors of the defect
modes are unusual. In this case, the defect modes are nonde-
generate, and multiple defect modes emerge in the band gap
at different frequencies simultaneously.

The effect at the critical condition may be useful in design
for novel filters with a rectangular profile, which could not
be realized by only one conventional defect layersusually by
twod. According to the above discussions, we know that the
frequencies of the multiple defect modes and the frequency
intervals between them can be respectively modulated by the
optical length and the refractive index of the defect layer. In
addition, half-widths of the defect mode can also be reduced
by increasing the value ofS. Considering all of these factors,
we believe that the phenomena of emergence and splitting of
multiple defect modes in 1D PCs containing defect layers of
LHM can be used to design multiple channeled filtersfas an
example, see Fig. 4scdg, which is difficult to realize by con-
ventional dielectric structuresf16g.

In the case of the conventional PCs, it is well known that
a defect mode is usually localized since strong field localiza-
tion emerges inside the defect at the corresponding frequency
f13g. It is also known that many possible applications in
optical devices are based on field localizationsf17g. Thus, it
is worth of studying the field distribution inside the PCs

FIG. 4. Transmission spectra of the defect
modes in the structure ofsABd4ACAsBAd4 at dif-
ferent refractive indices of the defect layer. The
refractive indices of the layersA and B are nA

=4.6 andnB=1.6. The optical thickness of layers
A, B, andC are assumed to bel0/4, l0/4, and
−l0/2, respectively.sad Case ofnC=−3. The inset
shows the spectral profile of the defect mode
zoomed in on the top.sbd Case ofnC=−3.2; scd
case ofnC=−2.8.
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containing materials of negative index. In Figs. 5 and 6 are
shown the numerical simulations of the field distributions,
which are corresponding to Figs. 4sad and 4scd, respectively.
The calculation scheme is derived from a transfer matrix
methodf18g. As shown in Figs. 5 and 6, strong localizations
can be found in the dielectric structures at the frequencies of
the defect modes; the defect mode of altiplano shape shown
in Fig. 4sad results a localized band. Moreover, if the spectra
in Fig. 6 is zoomed in on a frequency range between two
neighboring strong localized bands, for example, a range
from 1.01v0 to 1.16v0, week localization can be found in the
defect layerssee Fig. 7d. As a comparison, the field distribu-
tion in a conventional PC with the same absolute values of
the structure parameters as used for Figs. 6 and 7 is also
calculated and depicted in Fig. 8. As shown in Fig. 8, in the
case of the conventional PC, electromagnetic fields in the

dielectric structure exhibit more evanescent and less local-
ized characteristics. We contribute the physical reason of
these different characteristics to the fact that photons may
tunnel through a much greater distance in the structure con-
taining an LHM layer with the same absolutes value of re-
fractive index and relative permeability and the same thick-
ness as in the conventional structure in which only right-
handed materials are includedf19g.

V. OPTIMAL DESIGN FOR OMNIDIRECTIONAL FILTERS

It is known that the optical properties of conventional thin
film filters are relevant to incidence angle and polarization of
the incident lightf20g, even those based on the defect modes
in omnidirectional gapsf11,21g. So they are usually used
under the limit of the normal incidence. To those of non-

FIG. 5. Field distributions in
1D defective PCs corresponding
to Fig. 4sad.

FIG. 6. Field distributions in
1D defective PCs corresponding
to Fig. 4scd.
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normal incidence, much effort has been put on themf22–24g,
but only for one special incidence. The use of such types of
filters is in the case of collimated light. But in other cases,
for example in the case of the scattering light or seriously
focused lightssuch as filters being placed very near the focal
planed, large incidence angle or omnidirectional filters may
be suitable.

Analyses in Secs. III and IV provide a clue to optimal
design for omnidirectional filters.

It is important to determine a suitable range of the struc-
tural parameters before any optimal design is performed.
Equationss6d and s8d in Secs. III and IV are useful in seek-
ing a correct range of the structural parameters for an opti-
mized omnidirectional filter.

With both left-hand sides of Eqs.s6d ands8d equal to zero,
we can calculate the relations betweennC andnB in the two
critical conditions, and depict two critical curves, respec-
tively labeled curvesa andb, as shown in Fig. 9. These two
curves cross atnB=1.76. According to discussions in Sec. IV,
we know that there will exist multiple nondegenerate defects
in the forbidden gap if the structural parameters are chosen in
the region below curveb in Fig. 9. So, this region is not
suitable for an omnidirectionalsor large angled filter, even
though the dispersion of the defect mode is of zero type.
Meanwhile, discussions in Sec. III imply that zero-dispersion
phenomenon emerges when the structural parameters are
chosen around about curvea in Fig. 9. Therefore, the suit-
able range of the structural parameters for an omnidirectional

FIG. 7. Field distributions in
the frequency range from 1.01v0

to 1.16v0 between two neighbor-
ing strong localized bands in Fig.
6. Week localization of the fields
can be observed in the defect
layer.

FIG. 8. Field distributions in a
conventional PC.
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filter is within the region above curveb and at the same time
round curvea as well. This also implies thatnB should be
larger than 1.76.

Choosing the structural parameters corresponding to
curve a, we can calculate the full width at half magnitude
sFWHMd, Dv, of the transmission band of the defect mode
when the incidence of the plane waves is normalssee curvec
in Fig. 9d. The parameters for curvec are the same as used in
Sec. IV except forS=5. Curvec has a minimum value of
Dvmin=3.8143310−4v0, when nB=1.96. In the case of the
conventional PCs, it is obvious that one would prefer to the
minimum point in curvec where the value ofnB is minimum.
Dependence ofDv on the structure parameters is another
factor that we should consider in designing a practical om-
nidirectional filter.

The efforts as follows are focused on calculating the de-
pendence of the optimized structural parameterssOSPd and
maximum zero-dispersion anglesMZDA d upon nB, which
may provide the optimized parameters for omnidirectional
filters. For this purpose, we pursue different criteria for zero
dispersion.

The first criterion for zero dispersion relates to the defini-
tion of a fixed frequency range,v0±Dv, which is the most
conservative frequency range to guarantee zero dispersion.
According to this criterion, any defect mode with a transmis-
sion peak in the frequency range ofv0±Dv would be re-
garded as one that has a frequency ofv0. Let Dv be equal to
the half of the minimum FWHMsi.e., 1

2Dvmin, the half of the
minimum value of curvec in Fig. 9d, we can calculate the
OSP and MZDA, as shown in Fig. 10 in which curvesa and
b represent the OSP for TE and TM modes, respectively,
while curves TE and TM denoting the MZDA for TE and
TM modes, respectively. Curvec in Fig. 10 is equivalent to
curve a in Fig. 9, which is calculated according to Eq.s6d
and is depicted here for comparison. One can see from Fig.
10 that large angular filters can be realized when the value of

nB is large enough, but neither TE mode nor TM mode is
omnidirectional.

We can also consider a varying frequency range to define
the criterion for zero dispersion. This still means that any
mode with a transmission peak in the frequency range of
v0±Dv /2 is regarded as one that has a frequency ofv0. But
now the value ofDv varies with the structural parameters.
We can choose one of the values,DvsnBd for example, ac-
cording to curvec in Fig. 9, and then calculate the OSP and
MZDA. In Fig. 11 are shown the calculation results. As
shown in Fig. 11, omnidirectional filter for TE mode can be
realized when the value ofnB is larger than 3, but TM mode
is not omnidirectional.

It is known that the insert loss of any optical device in
optical communication system must be less than 2 dB. For
optical filters, this means that the transmission must be more
than 95%. Therefore, we can regard any mode as one that
has a frequency ofv0, if its transmission at frequencyv0 is
more than 95%. According to this criterion, the OSP and
MZDA are calculated and shown in Fig. 12. We can see that
omnidirectional filter for TE mode can be realized when the
value ofnB is larger than 3.75, and that TM mode is still not
omnidirectional.

Comparing the results shown in Figs. 10–12, one can find
that the MZDA and OSP for different criterion are not the
same, but that their changing trends withnB are similar. The
first trend is that the MZDA for TE mode increases when the
value of nB increases. The situation of TM mode is almost
similar to that of TE mode, except that the MZDA for TM
mode decreases when the value ofnB is close to the value of
nA. This decrease can be explained as follows. Increasing the
value of nB would decrease the width of the forbidden gap
and finally destroy the condition for omnidirectional reflec-
tion. As the condition for omnidirectional reflection is being
destroyed, the MZDA decreases rapidly. According to Fig. 1,
one can see that the width of the forbidden gap for TE mode

FIG. 9. Critical curves for dis-
persion multiplicitysad and mode
splitting of the defect modessbd.
Curvec shows the FWHM of the
defect mode transmission bands
with the structural parameters cor-
responding to curvea when the
incidence of plane wave is
normal.
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with a largeK is much larger than that of TM mode. This
means that the condition of omnidirectional reflection for TE
mode is more difficult to violate.

In addition, one can also see in Figs. 10–12 that curvec is
always in the middle of curvesa andb at a low value ofnB.
This implies that the structural parameters derived from Eq.
s6d can be used as initially tentative parameters in the opti-
mal design of omnidirectional filters. When the value ofnB
increases enough, the limit ofnr

S.15 will finally be violated,
and curvec will gradually leave curvesa andb, as shown in
Figs. 10–12.

VI. SUMMARY AND CONCLUSIONS

In summary, we demonstrate that the defect modes in 1D
PCs containing a defect layer with a negative refractive in-
dex possess some additional properties in contrast with that
in the conventional PCs. These properties include dispersion
multiplicity, weak frequency dependence, and simultaneous
emergence and splitting transition of multiple degenerate de-
fect modes. Although the dispersion of the negative refrac-
tive index layer has been ignored in our study, one can ex-
pect that all of these unique properties of the defect modes

FIG. 10. Dependence of the
optimized structural parameters
scurvea for TE mode and curveb
for TM moded and maximum
zero-dispersion anglesscurve TE
for TE mode and curve TM for
TM moded upon nB according to
the first criterion for zero
dispersion.

FIG. 11. Dependence of the
optimized structural parameters
scurvea for TE mode and curveb
for TM moded and maximum
zero-dispersion anglesscurve TE
for TE mode and curve TM for
TM moded upon nB according to
the second criterion for zero
dispersion.
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still exist when the dispersion of the negative refractive in-
dex media is considered. All these unique properties are the
results of the competition between Bragg effect and the
physical properties of the defect layer with a negative refrac-
tive index, and can be understood by the two approximate
formulas, Eqs.s6d and s8d, respectively derived in Secs. III
and IV. These unique properties prove to be useful in design-
ing novel filters.

Based on the zero-dispersion phenomenon, a practical de-
sign for large incident angle filters with no polarization effect
is proposed. A combined structure of two 1D defective PCs,
in which one is designed to be of negative dispersion and the
other of positive dispersion, is found to be a prototype of
narrow frequency and sharp angular filters. In addition, the
properties of week frequency dependence and simultaneous

emergence of multiple defect modes can be used to design
novel filters with a rectangular profile and multiple chan-
neled filters. Optimal design of omnidirectional filters is also
discussed in details. Based on three types of criteria pro-
posed for zero dispersion, the optimized parameters for the
omnidirectional filters are calculated.

The distributions of the electromagnetic fields in 1D PCs
containing a defect layer with a negative refractive index are
also calculated.
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