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Design of omnidirectional and multiple channeled filters using one-dimensional photonic crystals
containing a defect layer with a negative refractive index

Kun-yuan Xu, Xiguang Zhen{,Cai-lian Li, and Wei-long She
State Key Laboratory of Optoelectronic Materials and Technologies, Institute of Laser and Spectroscopy, Sun Yat-sen (Zhongshan)
University, Guangzhou 510275, China
(Received 12 August 2004; revised manuscript received 24 March 2005; published 13 Juhe 2005

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 leads to a type of PBG corresponding to a zérolume

Photonic crystal$PC9 have attracted much scientific in- 2veraged refractive inde]. Further investigations showed
terest during the past decade due to their novel electromadP@t such zero-averaged refractive index could result in an
netic properties and potential applicatidiis2]. It has been ~Omnidirectional gap, and that the defect modes in zegap
proved that the inference of Bragg scattering in a periodicayvere weakly dependent on the incident angs
dielectric structure is the reason to form a photonic band gap It is worthy of notice that the mechanism of Bragg scat-
(PBG). When the periodicity is broken by introducing a de- tering also works in some cases of 1D PCs containing LHM
fect into a PC, a localized defect mode will appear inside thé9], and can result some particular phenomena, such as un-
Bragg gap due to change of the interference behavior ofisual narrow transmission band$)], which are expected to
light. In the case of the conventional one-dimensiofidb) be forbidden regime in the case of conventional 1D PCs. In
PCs, which are made of dielectric media with positive refracthis work, we study the properties of the defect modes in 1D
tive indices (also called right-handed matepialit is well ~ PCs containing a defect layer with a negative refractive in-
known that, as the incident light changes from normal todex, and demonstrate that the defect modes possess many
oblique incidence, the effective optical lengths of all the me-ynique properties, such as dispersion multiplicity, splitting of
dium layers, including the defect layer, reduce. This stronglyjegenerate modes, and transmission independence on the in-
influences the interference process within the PCs, anq the(ﬂdent angles, which can also be explained by the mechanism
causes both the' Bragg gap and the defect modes to shift infg Bragg scattering. The present paper is organized as fol-
higher frequencies. For this reason, the phenomenon of PB{g, ¢ |n'sec. II, the dispersion relation of the defect modes is
has been used for mirrors only under a narrow range of freétudied numerically, and thre@ositive, zero, and negative

quencies of light incident at a particular angle or within a pes of dispersion of the defect modes are demonstrated.
particular angular range; and that of the defect modes hag

been used for filters also only under the limit to the normal pplications (.)f the dispersion multiplicity are also sug-
incidence gested. Then in Sec. Il based on Bragg scattering, a formula

Thus, how to overcome these angular effects have af'_s deduced for understanding the dispersion multiplicity of

tracted great interest recently. Based on the mechanism GEfect modes. In Sec. IV, the splitting of one degenerate
Bragg scattering, Finkt al.[3,4] realized a dielectric omni- defect mode into multiple defect modes in the band gap is
directional reflector. On the other hand, some researchers dflvestigated, and the critical condition for this mode splitting
tempted to realize a PBG related to the mechanism beyongjansition is analyzed. The practical design for filters with a
Bragg scattering5,6] in the left-handed materiald.HM). rectangular profile and multiple channeled filters based on
Such materials possess negative refractive indi¢es the splitting transition of defect modes is suggested. More-
:\E\;’ﬁ), which is due to simultaneously negative permeabil-OVer, distribution of the electronic fields in the 1D PCs is
ity and permittivity [7,8]. It has been demonstrated that calculated. Efforts are focused on optimization design for

stacking alternating layers of positive and negative medi@mnidirectional 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

iven by utilizing the formulas deduced in Secs. Il and IV.

* Author to whom correspondence should be addressed. Electron&'/ . :
address: stszheng@zsu.edu.cn e summarize our work in Sec. VI.
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Il. DISPERSION RELATION OF DEFECT MODES PC. When a defect is introduced, we have the additional real

We first choose a 1D PC which satisfies the necessary and

Bloch wave numbers in the band gaps, which read

sufficient criterion for omnidirectional reflectivity at a given i Q+(Q*+1)Y?

frequency[3], then break the periodicity by introducing a KD:a In T(ﬁ))’ (2)
defect layer with a negative refractive index into the PC to

compose a system with the form 0kB)SACABA)S, where  where

A (B) represents a layer with a positive refractive indexpf 1

(ng), a unitary permeability ofu (ug), and a geometrical Q=Tr(UWu®) - ETr(U(“))Tr(U(B)), (3)

thickness ofd, (dg), andC represents a defect layer with a

negative refractive index afc, a negative unitary permeabil- and U, similar to U@, describes the relation between the
ity of uc, and a geometrical thicknessad. Sis the periodic  amplitudes of the waves in the defect cell and its adjacent
number of the subsystem#B) and(BA), and for an infinite  cell. The solution of Eq(2) yields the dispersion relation of

system,S— . For the sake of simplification and with no the defect modes.

influences upon our results, we assume that all the refractive |n Fig. 1 are shown the projected band structures of the
indices are frequency independent. Let a wave be incident &onsidered system. The corresponding parameters for the PC
an angled from vacuum onto the consjdered system. Sup-are n,=4.6 andng=1.6 with a layer thickness ratio of
pose the incident wave has a wave ve&ok.g,+ke anda d,/dg=1.2/1.2. The gray and white regions in Fig. 1 repre-
frequency of w=clk|, where c is the speed of light in sentthe pass and forbidden bands, respectively. The two ob-
vacuum, andg, and@, are the unit vectors along theandy  lique solid lines are so-called light lin¢8] corresponding to
directions, respectively. The dispersion relatiofK ,k,) of a  the incidence with an angle of 90°. Between the light lines,
perfect 1D PC has been given by Fiakal.[3] as follows: all the incident angles are less than 90°. The crossed, square,
" and circled curves in the band gaps denote the defect modes
i 1 . 1 . corresponding to different defect layers with.=-1.6,
K=3 In(ETr(U( bk {Z[Tr(u( - 1} ) (1) _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
whereU@ is a unitary 2x 2 translation matrix relating the a single PC cell. According to the symbolic curves shown in
amplitudes of the forward and backward plane waves in &ig. 1, we know that the dispersion relations of the defect
particular layera of one cell in a layer to the amplitudes of modes can change from negative to positive types with an
the waves in the same layer of the adjacent eetld,+dg is  increase of the absolute valuemf. When a proper mediate
the length of a period, and is the Bloch wave number. The value of nc is chosen, e.g.nc=-1.95 in our case, zero-
real or imaginary Bloch wave number corresponds to thedispersion emerges in a large rangé&pfThis means that the
propagating or the evanescent wave, respectively. The solfrequencies of the defect mode are independent of the inci-
tion of Eq. (1) defines the band structure for the perfect 1Ddent angles in a large angular range. It is well known that the
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dispersion relations of the defect modes in a conventional 1@ifferent from that in Fig. 1 because a finite structure is con-
PC are positive. And near zero dispersion of defect modesidered in this case while an infinite structure is considered
have been found in zenogaps recently6]. But the negative in the case of Fig. 1. According to the transmission spectra
dispersion of the defect modes is the additional phenomenoshown in Fig. 2, we can see that the filter has neither angular
in our considered system. This new phenomenon comes fromor polarizing effect when the incident angle is less than 30°,
the physical property, a negative refractive index, of the demeaning zero dispersion of the defect mode within this inci-
fect layer. One knows, according to Snell's law, the refrac-dent angle. When the incident angle increases, TM mode
tion angle of negative index materials is negative. Then conshifts toward higher frequencies corresponding with positive
sidering the requirements of the boundary condition ofdispersion, while TE mode shifts toward lower frequencies
electric vectors, one hdg<<0. This means that the optical corresponding with negative dispersion.
thickness of negative refractive index materials is negative. Recently, Lianget al.[12] have proposed a technique to
So, with the increase of the incidence angle, the opticabbtain narrow frequency and sharp angular defect mode in
thickness of the whole system will not always increase likelD PCs by combining two 1D defective PCs, which is useful
that in conventional cases. When it decreases, the negatiwe design for novel filters with both narrow-frequency pass-
dispersion emerge¢see Sec. Il for more detailed math- band filtering and sharp angular spatial filtering. The key of
ematical explanations their technique is to design the two sub-PCs first to make the
The zero-dispersion phenomenon is useful in designingrequencies of the defect modes the same in the sub-PCs at a
large incident angle, and even omnidirectional, filters. In Fig.certain angle, and secondly to make the dispersion deviation
2 are shown the transmission properties of a practical desigof the defect modes as large as possible between the sub-
for a large incident angle filer with a form of PCs. The first requirement can be easily fulfilled by applying
(AB)®ACA(BA)®. The transmission spectra are calculated bythe scaling law[13]. In order to satisfy the second require-
a transfer matrix methofl11], and are respectively corre- ment, heterostructures were considered in their investigation.
sponding to the incident angles from 0° to 50° with an inter-Here, because the defect modes with negative and positive
val of 10°. The solid and dot curves correspond to TE andlispersion can simultaneously emerge in 1D PCs containing
TM modes, respectively. The filter is assumed to be placed im LHM defect layer, it is easy to design the same filters with
the air, and all the parameters are the same as former excepmostructures of the sub-PCs. We consider a practical de-
for nc=-2.34. And we also assume that the optical thicknessign for a such filer with a form of
of one cell is a half of the reference wavelengtty=2  (AB)SIAC,A(BA)ZB(AB)2AaC,A(BA)2, where a is a
X (nyd,+nydy)]. Here, we choosec/\g as the unit of fre-  modulating parameter which determines the optical length of
guency, called normalized frequency which is usually used irthe defect layelC, and guarantees the same frequencies of
thin film optics, in Fig. 2. So the frequency range consideredhe defect modes in the two sub-PCs at the incident angle of
in Fig. 2 corresponds to that of the second forbidden gap irzero, andS, (S;) is the number of the periods. The param-
Fig. 1. With the value —-1.95 offi¢ in the present case, the eters for this structure areng;=-1.6, n,=-3.6, «
dispersion of the defect modes is of zero type. The value 0£1.03131,S,=4, andS,=5, and the other parameters are the
nc for zero dispersion of the defect modes in this case isame as former. In Fig. 3 are shown the frequency and inci-
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as described above. As shown in Fig. 3, negative and positive o, @) = = 28(w, $) + P (4)
incident angles are corresponding to TM and TE modes, re- 0

spectively. The frequency range of omnidirectional reflectionvheree is the phase change resulted from Bloch scattering,
is calculated to be 1.86—-2.32w,. It is also found that only ~andé is the refractive angle in the defect layer. According to
the ||ght within a narrow frequency pass-band Smith’s discussionsE14], we know that the defect modes
(2.05160y+0.00050,) and within a sharp breadth of the in- appear wherg is equal to,=2N=(N=1,2,..). Suppose
cident angleg0° +2°) is allowed to be transmitted through 6o=2m whenw=w, and ¢=0. Thus, at the frequency ef,
the filter. Moreover, the negative dispersion of the defecne has

mode ir_1 one of the sub-PCs is strongly suppressed_,_and _the AO(P) = 0() — 0y = — e(wg, B) — £(w,0)]

dispersion of the combined defect mode shows positive dis-

persion. The suppression of the negative dispersion comes +4gm(cos¢ - 1). ©)

from 5, <$S,. If $,>S,, the positive dispersion would be pjqqeon and Smith5] have obtained the dependencesof
suppressed, and the combined mode would show negatl\{?pon ¢ in the limit n°> 15, wheren, =n,/ng and ¢, is the

d|sper3|_on. The_ sﬁua;nor? (ﬁ_Ld:sz shoul(;j be a_vr(])lded, f(_)r the incidence angle. Substituting their results into Eg). and
strong interaction of the defect modes with negative an ssuming that, is small enough, we have

positive dispersion would enlarge the frequency pass-band.

29w\ .
A6(¢e)=_<2~]+ gz )sz d’ea (6)
Nc
1. APPROXIMATE ANALYSIS OF DISPERSION
MULTIPLICITY OF DEFECT MODES where
| | | _Lnem i( n; )1( n, )
In the previous section, we have numerically demon- 2 el n/i nrz—l né nrz—l )

strated the properties of the defect modes in 1D PCs contain-
ing a defect layer with a negative refractive index. Having anwhich is always positive. The first term on the right-hand
approximate analytical formula, one may more easily underside of Eq.(6) represents the angular effect of the Bragg
stand these unique properties such as dispersion multiplicitycattering in the 1D PCcalled ABC effect, and the second

of the defect modes. For this reason, we perform an approxterm represents the angular effect due to the physical prop-
mate analysis of the defect modes on the base of Bragg scadrties of the defect laydralled AD effecj. According to Eq.
tering mechanism. We now assume that the optical thick¢6), one can see that the ABC effect tends to push the defect
nesses oA, B andC, respectively, aray/4,\g/4, andghgat  modes into higher frequencies, while the AD effect tends to
a frequency otvg, where\q is the wavelength corresponding do the same thing or the opposite thing corresponding to
to wq, andg is related to the properties of the defect layer.whether the refractive index is positive or negative. If the
Therefore, the phase change between the forward and backalue ofg is determined, the increment pf.| enhances the
ward waves in the defect layer is ABC effect and weakens the AD effect. In the case of a
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defect layer with a positive refractive index, both effects con-inset of Fig. 4a)]. Further investigations show that, when
tribute to increasing of the frequencies of the defect modegnc| increases, the two side modes move to the central mode
and the dispersion of the defect modes is always positive. Oand then the three modes superpose one angsieer Fig.

the contrary, if the refractive index of the defect layer is4(b)]; contrarily, when|nc| decreases, the left mode shifts
negative, the two effects compete with each other. When théoward lower frequencies, and the right one shifts toward
ABC effect is dominant, i.e [2J+2gm/n3]>0, the disper- higher frequencies, while the central one remains immovable
sion of the defect modes is positive. On the other hand, wheks€€ Fig. 40)]. L L
the AD effect is dominan@[ZJ+Zg7T/n(2:]<0), the dispersion The explanation of these transition phenomena is similar

. . . : o that of the angular effects. Here, the critical condition of
|sﬁnetgat|ve.bAInd tz&;ﬂg‘d'slp?ﬁg? emerges when the tw e transition ig=-2g. Whent>-2g (i.e., |nc| > 3), the fre-
efiects are balanc gm/Ncl=9). quency effect of Bragg scattering is dominant. In this case,

the behaviors of the defect modes are similar to that in a
IV. SPLITTING OF DEFECT MODES conventional system; only a degenerate defect mode exists in
_ _ o the band gap. On the other hand, when-2g (i.e., |n¢|
Accordlng to the analysis as described in Sec. II_I, one can: 3) the frequency effect due to the physical properties of
easily expect that there would be defect modes with a wealhe defect modes is dominant, and the behaviors of the defect
dependence on frequencies. In order to investigate this, Wodes are unusual. In this case, the defect modes are nonde-
deduce the dependence ®b upon frequencies as follows: generate, and multiple defect modes emerge in the band gap
at different frequencies simultaneously.
(7) The effect at the critical condition may be useful in design
o for novel filters with a rectangular profile, which could not
Utilizing Eq. (10A) in Ref. [15], and assuming thab is be realized by only one conventional defect lagtesually by
sufficiently close tow,, we obtain two). Acc_ordlng to the a_lbove discussions, we know that the
frequencies of the multiple defect modes and the frequency
= wg intervals between them can be respectively modulated by the
(t+2g)m, (8) optical length and the refractive index of the defect layer. In
addition, half-widths of the defect mode can also be reduced
wheret=nc/ ucng(n, - 1). Equation(8) indicates that the de- by increasing the value & Considering all of these factors,
fect modes are frequency independent arowgd we believe that the phenomena of emergence and splitting of
Numerical simulations of the transmission spectra, as demultiple defect modes in 1D PCs containing defect layers of
picted in Fig. 4, are performed for the structure of LHM can be used to design multiple channeled filfers an
(AB)°ACA(BA)®, confirming the anticipation of Eq8). The  example, see Fig.(d)], which is difficult to realize by con-
parameters corresponding to Figadare ny=4.6,ng=1.6, ventional dielectric structurd46].
nc=-3, g=-0.5, andS=4, and other parameters are the In the case of the conventional PCs, it is well known that
same as those used in the approximate formulas; in this case defect mode is usually localized since strong field localiza-
t=-2g. As shown in Fig. 4a), the profile of the transmission tion emerges inside the defect at the corresponding frequency
spectrum of the defect modes exhibits an altiplano shape. If13]. It is also known that many possible applications in
fact, if the spectrum is zoomed in on the top, one can see thaiptical devices are based on field localizatiphg]. Thus, it
the spectrum includes three vicinal defect moflese the is worth of studying the field distribution inside the PCs

Ab(w) = O(w) — 6y =—2s(w) + M.

Ab(w)=-2
Wo
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to Fig. 4a).
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containing materials of negative index. In Figs. 5 and 6 aralielectric structure exhibit more evanescent and less local-
shown the numerical simulations of the field distributions,ized characteristics. We contribute the physical reason of
which are corresponding to Figs(a# and 4c), respectively. these different characteristics to the fact that photons may
The calculation scheme is derived from a transfer matrixunnel through a much greater distance in the structure con-
method[18]. As shown in Figs. 5 and 6, strong localizations taining an LHM layer with the same absolutes value of re-
can be found in the dielectric structures at the frequencies dfactive index and relative permeability and the same thick-
the defect modes; the defect mode of altiplano shape showmess as in the conventional structure in which only right-
in Fig. 4(a) results a localized band. Moreover, if the spectrahanded materials are includgto.

in Fig. 6 is zoomed in on a frequency range between two

neighboring strong localized bands, for example, a rangg, opTiMAL DESIGN FOR OMNIDIRECTIONAL FILTERS

from 1.01w, to 1.16w,, week localization can be found in the

defect layer(see Fig. 7. As a comparison, the field distribu- It is known that the optical properties of conventional thin
tion in a conventional PC with the same absolute values ofilm filters are relevant to incidence angle and polarization of
the structure parameters as used for Figs. 6 and 7 is algbe incident ligh{20], even those based on the defect modes
calculated and depicted in Fig. 8. As shown in Fig. 8, in thein omnidirectional gapg11,21. So they are usually used
case of the conventional PC, electromagnetic fields in theinder the limit of the normal incidence. To those of non-
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FIG. 6. Field distributions in
1D defective PCs corresponding
to Fig. 4c).
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FIG. 7. Field distributions in
the frequency range from 1.}
to 1.16wy between two neighbor-
ing strong localized bands in Fig.
6. Week localization of the fields
can be observed in the defect
layer.

Field intensity E

normal incidence, much effort has been put on th2g-24, With both left-hand sides of Eq&) and(8) equal to zero,
but only for one special incidence. The use of such types ofve can calculate the relations betwagnandng in the two
filters is in the case of collimated light. But in other cases,critical conditions, and depict two critical curves, respec-
for example in the case of the scattering light or serioushytively labeled curves andb, as shown in Fig. 9. These two
focused light(such as filters being placed very near the focalcurves cross aig=1.76. According to discussions in Sec. |V,
plane, large incidence angle or omnidirectional filters maywe know that there will exist multiple nondegenerate defects

be suitable. in the forbidden gap if the structural parameters are chosen in
Analyses in Secs. Il and IV provide a clue to optimal the region below curvé in Fig. 9. So, this region is not
design for omnidirectional filters. suitable for an omnidirectiondlor large anglg filter, even

It is important to determine a suitable range of the structhough the dispersion of the defect mode is of zero type.
tural parameters before any optimal design is performedMeanwhile, discussions in Sec. Il imply that zero-dispersion
Equations(6) and(8) in Secs. Ill and IV are useful in seek- phenomenon emerges when the structural parameters are
ing a correct range of the structural parameters for an optichosen around about cuneein Fig. 9. Therefore, the suit-
mized omnidirectional filter. able range of the structural parameters for an omnidirectional

Field intensity E

e : . o | FIG. 8. Field distributions in a
0.2-1 - : conventional PC.

s 16
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filter is within the region above curdeand at the same time ng is large enough, but neither TE mode nor TM mode is
round curvea as well. This also implies thatg should be  omnidirectional.
larger than 1.76. We can also consider a varying frequency range to define
Choosing the structural parameters corresponding tthe criterion for zero dispersion. This still means that any
curve a, we can calculate the full width at half magnitude mode with a transmission peak in the frequency range of
(FWHM), Aw, of the transmission band of the defect modewy*Aw/2 is regarded as one that has a frequencypBut
when the incidence of the plane waves is norfsak curvee  now the value ofAw varies with the structural parameters.
in Fig. 9). The parameters for curveare the same as used in We can choose one of the valugsp(ng) for example, ac-
Sec. IV except forS=5. Curvec has a minimum value of cording to curvec in Fig. 9, and then calculate the OSP and
Awpin=3.8143x 10 %w,, whenng=1.96. In the case of the MZDA. In Fig. 11 are shown the calculation results. As
conventional PCs, it is obvious that one would prefer to theshown in Fig. 11, omnidirectional filter for TE mode can be
minimum point in curvec where the value ofig is minimum.  realized when the value of; is larger than 3, but TM mode
Dependence ofAw on the structure parameters is anotheris not omnidirectional.
factor that we should consider in designing a practical om- It is known that the insert loss of any optical device in
nidirectional filter. optical communication system must be less than 2 dB. For
The efforts as follows are focused on calculating the de-optical filters, this means that the transmission must be more
pendence of the optimized structural paramef{@SP and  than 95%. Therefore, we can regard any mode as one that
maximum zero-dispersion angiZDA) upon ng, which  has a frequency oby, if its transmission at frequenay, is
may provide the optimized parameters for omnidirectionalmore than 95%. According to this criterion, the OSP and
filters. For this purpose, we pursue different criteria for zeroMZDA are calculated and shown in Fig. 12. We can see that
dispersion. omnidirectional filter for TE mode can be realized when the
The first criterion for zero dispersion relates to the defini-value ofng is larger than 3.75, and that TM mode is still not
tion of a fixed frequency rangey,* Aw, which is the most omnidirectional.
conservative frequency range to guarantee zero dispersion. Comparing the results shown in Figs. 10-12, one can find
According to this criterion, any defect mode with a transmis-that the MZDA and OSP for different criterion are not the
sion peak in the frequency range ef+=Aw would be re- same, but that their changing trends withare similar. The
garded as one that has a frequencygflLet Aw be equal to  first trend is that the MZDA for TE mode increases when the
the half of the minimum FWHMi.e.,%Awmm, the half of the  value of ng increases. The situation of TM mode is almost
minimum value of curvec in Fig. 9), we can calculate the similar to that of TE mode, except that the MZDA for TM
OSP and MZDA, as shown in Fig. 10 in which cuneeand  mode decreases when the valuengfs close to the value of
b represent the OSP for TE and TM modes, respectivelyn,. This decrease can be explained as follows. Increasing the
while curves TE and TM denoting the MZDA for TE and value of ng would decrease the width of the forbidden gap
TM modes, respectively. Curvein Fig. 10 is equivalent to and finally destroy the condition for omnidirectional reflec-
curvea in Fig. 9, which is calculated according to E@)  tion. As the condition for omnidirectional reflection is being
and is depicted here for comparison. One can see from Figlestroyed, the MZDA decreases rapidly. According to Fig. 1,
10 that large angular filters can be realized when the value afne can see that the width of the forbidden gap for TE mode
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dispersion.
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Refractive index Ny
with a largeK is much larger than that of TM mode. This VI. SUMMARY AND CONCLUSIONS
means that the condition of omnidirectional reflection for TE
mode is more difficult to violate. In summary, we demonstrate that the defect modes in 1D

In addition, one can also see in Figs. 10-12 that cariee = PCs containing a defect layer with a negative refractive in-
always in the middle of curves andb at a low value oig. dex possess some additional properties in contrast with that
This implies that the structural parameters derived from Eqin the conventional PCs. These properties include dispersion
(6) can be used as initially tentative parameters in the optimultiplicity, weak frequency dependence, and simultaneous
mal design of omnidirectional filters. When the valuengf  emergence and splitting transition of multiple degenerate de-
increases enough, the limit nf> 15 will finally be violated, fect modes. Although the dispersion of the negative refrac-
and curvec will gradually leave curvea andb, as shown in tive index layer has been ignored in our study, one can ex-
Figs. 10-12. pect that all of these unique properties of the defect modes

3

90

60 2.4 FIG. 11. Dependence of the

optimized structural parameters
(curvea for TE mode and curve
for TM mode and maximum
zero-dispersion anglegurve TE
for TE mode and curve TM for
TM mode upon ng according to
the second criterion for zero
dispersion.
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still exist when the dispersion of the negative refractive in-emergence of multiple defect modes can be used to design
dex media is considered. All these unique properties are theovel filters with a rectangular profile and multiple chan-
results of the competition between Bragg effect and theneled filters. Optimal design of omnidirectional filters is also
physical properties of the defect layer with a negative refracdiscussed in details. Based on three types of criteria pro-
tive index, and can be understood by the two approximat@osed for zero dispersion, the optimized parameters for the

formulas, Eqs(6) and(8), respectively derived in Secs. lll omnidirectional filters are calculated.
and IV. These unique properties prove to be useful in design- The distributions of the electromagnetic fields in 1D PCs
ing novel filters. containing a defect layer with a negative refractive index are

Based on the zero-dispersion phenomenon, a practical dedso calculated.
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 ACKNOWLEDGMENTS
other of positive dispersion, is found to be a prototype of
narrow frequency and sharp angular filters. In addition, the This work is supported in part by National Basic Research
properties of week frequency dependence and simultaneologram of Chingunder Sub-Project 2004CB719804
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