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Tunable sharp angular defect mode with invariant transmitted frequency range in one-
dimensional photonic crystals containing negative index materials
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We propose a different photonic crystal structure with a novel defect mode. In this defect mode, the
transmitted angle is sharp and the pass band is of rectangular shape. Surprisingly, there is a critical refractive
index of the defect layer in the crystal. By changing the refractive index in a range higher than this critical
value, the sharp transmitted angle can be tuned with transmitted frequency range maintained; when the refrac-
tive index is lower than this critical value, only the transmittance of the defect mode is adjusted, with the sharp
transmitted angle and transmitted frequency kept unchanged. All these phenomena provide possible mecha-
nisms for angular filtering, optical switchir(ge., an optical switch working in the angular domjaamd setting

optical limits.
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[. INTRODUCTION In this paper, we extend the defect-mode resonant condi-

Photonic crystal{PC3 have attracted extensive studies tion of the one-dimensional defective PC to several types of
since the initial prediction of Yablonovitcii] and Johr{2].  Structures with periodic quarter-wave stacks consisted all of
Based on one-dimensionélD) PCs consisting of positive NIMs or alternately of NIM and PIM, and deduce the phase
index materials(PIMs) with both positive permittivity and changes on reflection from such reflective stacks. Then the
permeability, some important applications for omnidirec-conditions for a flat-top defect mode appearing in the normal
tional filtering are proposed, such as omnidirectional reflecband gap of these different types of defective PCs are ob-
tion band (ORB) [3] and narrow frequency sharp angular tained. Based on these theories, we proposed a photonic het-
defect modd4]. Recently, negative index materididIMs) erostructure possessing a sharp angular and flat-top pass
with simultaneous negative permittivity and permeability, band, in which a flat-top pass band responses only for a
which were suggested by Veseladd, have also received a sharp angular range within an ORB. The optical response of
great deal of attention. Some properties of 1D PCs with NIMthis heterostructure as a function of the refractive index of
inclusion' are revealed, for instanqe, omnidirectional bandhe defect layer is also analyzed, and the results provide pos-
gap coming from the zern-mechanisn{6] and very weak sjple mechanisms for angular optical switchifig., an op-

dependence of the defect mode on incident angiésNIM  ica| switch working in the angular domaiand setting op-
has also been used to broaden the stop band of a 1D PC, iR/ |imits.

the case of normal propagatif8l, and used as a defect layer

in a defective PC with periodic structures consisting all of

PIMs to obtain a flat-top transmission band at normal inci- Il. DEFECT-MODE RESONANT CONDITION FOR
dence[9]. In theory, the conditions for this flat-top band to DEFECTIVE PCS CONTAINING NIMS

appear should be extended to different types of defective As discussed by MacleofiL0], a defective PC may be
PCs, e.g., the periodic structures are alternately consisted ggmp|ete|y described by the defect layer and two effective
NIM and PIM, or all NIMs. Moreover, for a flat-top defect jnterfacesM, andM,. If we considerM; with the reflective
mode obtained by coupling two or more defective PCs constack to the left of it as system I, amdl, with the stack to the

sisting all of PIMs, the defect-mode frequency varies forright as system II, then the transmittance of the PC is given
different incident angles. This means that light with an un-p

wanted frequency might be transmitted through the filter,
which would inevitably reduce the advantages of the filter. () = T1(») To(v)
Hence, a flat-top pass band is needed for filtering not only in [1- VR, (»)Ry(1) 2+ 4V'R1(,,)R2(,,)Sm2(%g) '
the frequency domain but also in the angular don{a@, it _
should emerge only within a sharp angular rangguch a whereT;,T;,R;, and R, are the transmittances and reflec-
defect mode will have further application for angular opticaltances of systems | and II, respectively. For normal inci-
switching, if it can be tuned to appear at different incidentdence, the transmittand&») reaches a maximum when the
angles with an invariant transmitted frequency range withindefect mode resonant condition
an ORB, and for optical limiting, if the transmittance can be

b J 00) = = d1(») = by(v) + 20() = 2mm 2

tuned with an invariant transmission angle.
is satisfied. Heram is an integer,¢,(v) and ¢,(v) are the
phase changes on reflection from system | and Il,@09 is
*Email address: stswhz@zsu.edu.cn the phase thickness of the defect layer. The precondition used
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TABLE I. The productM of individual layers of different types of quarter-wave stacks and the flat-top
conditions for different types of defective PCs.

Flat-top conditons

Types of quarter-wave stacks M Types of defective PCs  Qp D
Qp>0Qn (PN)® Qs j&Ef;fs(—Q)y (NP)S2D(PN)® Qp+Qny NIM
s _ s
QP<QN (N P)S _J-AQPES:]_.S(_Q)y N Sgs (PN)SQD(NP)S 00 PIM
Qp<Qy (PN)S o3 J5E - (N P):ZD(PN)S 20 NIM
Qp>Qp (NP) —jAQpEf,is(-Q)y Qs (PN)S2D(NP) PIM
Q,>Q, (I=PorN) (NNp)* Qc g (N2ND2D(NIN)S Q= Qn,  PIM
(P1P)® : s1 (P,P1)%2D(P1P2)*  Qp. —Qp, NIM
JAQ - Q) S 1 <P
(N2Ny)® T JQA.P%;QY (NIN)ZD(NNy> - e P
(PP jAQ 3@ Q@ (P1P2)2D(P,Py)S _QQ% NIM
by Macleod is that systems | and Il are all consisting of 0(v) = * dy(v) £ do(v) + 20(v) = 2mmr, (5)

PIMs, and because the phase change suffered by the wave on ) ) ) )
traversing a distancd in a PIM without absorption is\(») ~ Where the — is for defective PCs with effective PIM stacks

=—27wnpyd [10], then he derived the amplitude of reflec- and '_[he +is for_ those with effective NIM stacks. For a sym-
tancer; 5(v)=|ry ,(v)|€%12", and, consequently, minus signs Metrical defective PCey(v)= (1) = ¢(v).
are applied to the first two terms in the middle of EB).

Now we extend this defect mode resonant condition at . PHASE CHANGE ON REFLECTION
normal incidence for defective PCs with quarter-wave reflec-
tive stacks consisting of alternate PIM and NIM layers or We now deduce the phase change on reflectofiom
consisted all by NIM layers. We assume every layer is of theduarter-wave multilayers. The matrix of a quarter-wave layer

same quarter-wave optical thickness. without absorption can be simplifigd3] to

We first consider the quarter-wave stacks consisting of A +i
alternate PIM and NIM layers to be effective PIM stacks or { =) Q'} (6)
effective NIM stacks at normal incidence. This is because tjQ A

quarter-wave stacks consisting of alternate PIM and NIM

layers are just like series phase compensdttrsZ: what- at normal incidence for frequencies close to v, (corre-

ever phase difference is developed by traversing the P”V?pondmg to the lcharacter Waveleng@of the quarter-waye
layer, it can be canceled by traversing the NIM layer with thel@Ye?, whereA=3sin a(v/vo)], and + is forl =P and the — is
same absolute optical thickness as the PIM layer, since th@" | =N. respectivelyQ; is the reciprocal of wave impedance
directions of phase velocity in PIM and NIM are opposite. 9€fined asQ=n/w, wheren, is the refractive index ang,
Hence, only the layer conjugated to the defect contributes t the relative permeability of the layer.

the phase change on reflection. According to this, the types The product

of PCs(NP)*2D(PN)® and (P,P,)%2D(P,P;)® have effective M m
PIM stacks, whereaéPN)S2D(NP)S and (N;N»)S2D(N,N,)® M :{ 1 12} 7)
have effective NIM stacks. Her@ is for PIM, N for NIM, My Mg

andD for the defect layer, and the different subscripts are fofot the jmpedance matrices of the individual layers can be
different materials. For NIM&(v) =27 v|ngmd, which has gy a1yated using the simplified form in E€§) and eliminat-
the opposite sign to that for PIM, so for effective NIM ing higher-order terms in sim(v/v,)] for eight types of
stacks, we have quarter-wave stacks listed in the first two columns of Table I.
B Results ofM are listed in the third column, where it is as-
ryo(v) = ry A€ 9227, () sumed thaQ=(Q"/Q)>1.5 is used, and the layer wit

is of higher reciprocal of wave impedance than that v@th

different from Macleod, and hence the defect mode resonargee|ey[l3] has shown that in the lim® > 1.5, tang attains
condition becomes limiting values ,

o(v) = + + 20(v) = 2mar. 4
(v) = ¢1(v) + ¢a(v) (v) ™ (4) @an ¢.im:ksin<w1>, ®
14
Combining Egs(2) and(4), we have the defect mode reso- 0
nant condition for defective PCs with effective PIM or NIM wherek is a parameter. For situatidin that light from the

stacks as follows: defect layer incident t®/",
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tan ¢yim = 2QpMy /My, 9 80
and for situation(ii) that incident toQF, 40
tan i = 2May/my Q.- (10) g°
40
Then combining produd¥l in Table | and Eqgs(8)—(10), we 3
get the expressions of paramekeas follows: %;;, gg
(]
=
K= HQD -, for situation(i), (11) g 40
Q) =
and 40
Q'ar L 80 |
kg = m for situation(ii), (12 08 09 1 11 12
DAl =Xl Normalized frequency (Units ofvoj
where + for stacks consisting alternately of PIM and NIM B s
layers, and the - for all those consisting of PIM or NIM 0 02 04 06 08 10
layers. Then, the phase change on reflection as a function of Transmittance

v for frequencies close to, at normal incidence i§14]
FIG. 1. (Color onling Transmission vs incident angles and nor-

malized frequencies for structurega) (PN)>2D(NP)%, with up
=up=—un=1, np=1.45 ny=-2.9, and np=4.35; (b)
(P1P2)52D(P2P1)5, with ,LLpl:,LLpzz_[LD:l, np1:2np =2.9, and
np=-2.9. Parameters in botla) and (b) satisfy the flat-top condi-
tion, hence, a flat-top pass band emerges in the normal band gap.

o o)

(Z)J(V):_k]W( ), j:A,B. (13)

Yo

IV. TUNABLE SHARP ANGULAR AND FLAT-TOP
DEFECT MODE

As incident angle increases, the transmittance of this pass

band decreases dramatically, while a resonant peak appears

" the high-frequency end of this pass band and shifts to

or decrfeahsmg vahenl changes around. If the phr?zgﬁthlck- h{gher frequency. Transmission spectrum such as these im-
ness of the defect layer can compensate such difierence @liaq that a sharp angular defect mode transmitting lights

phase change on reflection, the transmittance of the Spectrughy \ithin a narrow angular range can be achieved, as long
will be a flat-top pass band centeringigt This can be done 55 the propagation bands of oblique incidences are forbidden
by inserting a PIM or NIM defect with proper indices, re- and the normal pass band is reserved simultaneously. To ful-
spectively, according to the reflective stacks: PIM defect fori|| such requirements, we suggest defective structures dis-
effective NIM stacks and NIM defect for effective PIM cussed abovédenoted byA) be coupled with a short wave
stacks. We call this “the flat-top condition,” as shown in pass filter(L) or a long wave pass filtgR) or both, accord-
columns 5 and 6 of Table I. ing to the transmission spectrum Af This is because the
Take (PN)°2D(NP)° for example to illustrate this idea. transmission spectrum as functions both of incident angles
Let light from the defect layer incident to a layer wi@'  and frequencies varies for PCs consisting of different mate-
=Qn>Qp, then ¢j(y):¢A(V):_kAW[(V— vo)/ o], and ka rials, then one must investigate the transmission spectrum of
=Qp/(Qp+Qy). Since it has effective NIM stacks at normal A to determine what kinds of filter it should be coupled with.
incidence, one should use a PIM defect for phase-difference AS an example, we use the defective PC in Figp) BsA

compensation. Leh=1, then Eq(4) can be solved under the to construct the heterostructure possessing sharp angular pass
flat-top condition With a result thaQp=Qp+Qy, and the band, and we still use the PIMs in this structure to constitute

transmission spectrum is shown in Figall in which we let ~ ©Ptimized structures df andR as fZOHOWS: .
mp=pup=—un=1, np=1.45,ny=-2.9, and accordingly, we L =1.261.069(P,/2)Py(P/2)1(P/2)Py(P2/2)]

From Egs.(5) and (13), one finds that the two terms on
the phase change on reflection are monotonously increasi

getnp=4.35 for the flat-top condition. For another example X 1.065(P,/2)P,(P,/2)T],
(P,P,)%2D(P,P;)°, light from the defect layer incident to a ang
layer with Q=Qp,<Qp, then ¢(v)=dg(r)=-kgnl(v R=0.7470.99 (P,/2)P,(P1/2) A (P:/2)P(P1/2)I8].

= ol vol, and kg=Qp Qp,/[Qp(Qp,~Qp,)]. Since it has ef-  Among structured, L, andR, the forbidden bands compen-
fective PIM stacks, one should use a NIM defect for phasesate for each other while a pass-band intersection centering
difference compensation. Leh=1, then Eq.(2) can be at », and normal exists. If we couple these three structures
solved with a result thaQp=Qp Qp,/(Qp,~Qp,), and the  together to form a heterostructure, denoted R, it can be
transmission spectrum is shown in Figb}l in which we let  expected that an ORB will form and a flat-top pass band
Mp, = pp,=~pp=1,Np =2np =2.9, and, accordingly, we get existing only within a sharp incident angular range will
np=-2.9. The transmission versus incident angles and noemerge in this ORB. We prove this idea in Figa2 It can be
malized frequencies is calculated by a matrix methibfl. seen that the range of ORB {©.85, 1.2y, Only light

Figure 1 shows that, at normal incidence, a flat-top pasvithin the frequency range @0.94,1.07y, and the angular
band emerges in the normal band gap symmetrically,to range 0°+3° can be transmitted.
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FIG. 2. (Color onling Transmittance vs incident angles and nor-  FIG. 3. (Color onling Transmittance vs incident angles and nor-
malized frequencies of structutéAR with np equals:(a) —2.900, Malized frequencies of structuteAR with np equals:(a) -2.900,
(b) —2.899,(c) —2.897, andd) —2.894. Transmission of the flat-top (b) =2.9005,(c) -2.901, andd) -2.903. Transmittance of the flat-
defect mode shifts to an oblique incident angle with invariant transiop defect mode decreases with invariant transmission angle. This
mitted frequency range and maintained high transmittance. Thighenomenon provides a possible mechanism for optical limiting.
phenomenon provides a possible mechanism for angular optical
switching. analyzing the defect mode resonant condition and show ex-

amples by numerical simulation.

From the above simulation, one will note that the pass When the optical thickness of the defect layer is a little
band ofLAR is mainly determined by the pass bandfofL ~ greater than that satisfying the flat-top condition of normal
andR are just used to forbid the propagation bandsAcit ~ incidence, the transmission angle of the flat-top pass band

oblique incidence. Furthermore, around the defect-mod&hifts from the normal to an oblique one, with invariant
resonant condition in E5), the transmittanc® of Ais very ~ transmitted frequency range. This is because the phase

sensitive to the phase thickneSsof its defect layer. This is change on reflection at a small incident angle will become a

because from Eqgl) and(5), one can get little less than that at normal incidence. Increasing the optical
‘ thickness of the defect layer will compensate this difference
JT _ 4\R;R,siN 6 (14) of phase change, so that the flat-top condition will be satis-

- _Jp.p2 b B cir(Lg)]? fied at an oblique angle. Hence, the flat-top pass band will
0 [A-\RiR*+ 4\RR;sir(30) ] shift to a small incident angle, while the frequency range
On one hand, one can choose proper indices of the defectmains unchanged. Examples are shown in Fig. 2, where
layer to compensate the difference of phase changes on renly the refractive index of the defect layer is changed and
flection around the central frequency to fulfill the resonantthe geometry thickness of the defect layer is unchanged, i.e.,
condition and get a flat-top pass band. On the other handly=0.25,/2.9. Figure 2a) shows the transmittance for
according to Eq.(14), around the resonant conditiod  LARwith np=-2.9. Figure 2b) shows the transmittance for
=2mar, T will be dramatically changed as a function@f So  LAR with np=-2.899, with transmitted angular range from
it is interesting to investigate the variation of the transmis-1.5° to 4.3° for transmittance over 50%, and the central angle
sion spectrum oEAR as a function of the refractive index of is 3.0°. Whennp=-2.897 and -2.894, the central angle
the defect layer irA. In the following, we will get results by  shifts to 5.3° and 7.5°, as shown in Figgc2and Zd), re-
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spectively. For this variation, the transmitted angular range ipears to be quite possibl&7] in wide frequency bands with
tunable with invariant transmitted frequency range. This phethe use of active inclusions.

nomenon provides a possible mechanism for angular optical
switching (i.e., an optical switch working in the angular do-
main).

When the optical thickness of the defect layer is a little  In conclusion, we extend the defect-mode resonant condi-
less than that satisfying the flat-top condition of normal in-tion of the 1D defective PC for several types of structures
cidence, the transmittance of the whole pass band decrease#th periodic quarter-wave stacks consisting alternately of
while the transmission angle remains to be 0°. This is beNIM and PIM or by all NIMs, and deduce the phase changes
cause the defect-mode resonant condition cannot be fulfilledn reflection from such reflective stacks. Then the conditions
at any incident angle in the frequency range closegtoAn  for a flat-top defect mode to appear in the normal band gap
example is shown in Fig. 3, where also only the refractiveof such different types of defective PCs are obtained. Fur-
index of the defect layer is changed and the thickness of thghermore, we proposed a photonic heterostructure possessing
defect layer is unchanged. FiguréaBshows the transmit- g sharp angular and flat-top defect mode, in which a flat-top
tance for structurd AR with np=-2.9 as that in Fig. @.  pass band responses only for a sharp angular range within an
Whennp=-2.9005, -2.901, and -2.903, the average transORB. When the refractive index of the defect layer is a little
mittance decreases to about 60, 30, and 5 %, respectivelyreater than that for the flat-top defect mode appearing at
with the invariant transmitted frequency range, as shown ihormal incidence, transmission of this flat-top defect mode
Figs. 3b)-3(d). This phenomenon provides a possible shifts to an oblique incident angle with an invariant transmit-
mechanism for optical limiting. ted frequency range and maintained high transmittance.

The sharp angular and flat-top defect-mode characteristiog/hen the refractive index of the defect layer is a little less
discussed above exist commonly in the defective PCs whosgan that for the flat-top defect mode appearing at normal
material indices satisfy the flat-top conditigre., a critical  incidence, the transmittance of this flat-top defect mode de-
refractive index of the defect layeBy changing the refrac- creases with invariant transmission angle. All these phenom-
tive index in a range higher than this critical value, t8R  ena provide possible mechanisms for sharp angular and flat-
structure acts as an angular optical switch; as the refractiveyp filtering, angular optical switching, and optical limiting.
index is lower than this critical value, it becomes an optical
limiter.

In the above we have discussed only the ideal situations in
which the structure consists of lossless and nondispersive This work is supported by the National Natural Science
materials. In a nonideal situation, these unusual characteri$oundation of China (19934002, National 973
tics can also be expected to occur when the band structure 2003CB314901 and 2004CB719804roject of China and
scalable[16], and we can scale it to a frequency range inNational 863 (2003AA311022 Project of China, and the
which the material parameters have a very weak dispersioNatural Science Foundation of Guangdong Province of
and the realization of lossless negative index material ap€hina.

V. CONCLUSION
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