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Large photonic band gaps and transmittance antiresonances in periodically modulated
guasi-one-dimensional waveguides
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For quasi-one-dimension&Q1D) waveguides of widtha and with stubs attached periodically, it is shown
that the photonic gaps with periodic dielectric contrast cambay times largethan those of a Q1D quarter-
wave structure for sufficiently shoat Similar photonic gaps, without dielectric contrast, result frd@struc-
tive interference. When a double stub is inserted in a finite waveguide it can lead simultaneously to transmit-
tance resonances in the gaps antiresonance the bands that widen, respectively, into new bands and gaps
when more stubs are inserted.

PACS numbds): 41.20.Jb, 41.9G:¢e, 84.90+a

The existence of a photonic band gd@&BG) in materials  perfectly conducting boundarie§ere represented by the
where the refractive index varies periodically gives rise tosolid lineg, and (2) the WGs are defined by the dielectric
many interesting and potentially useful properties, includingcontrast, with the enclosing region outside the solid lines has
the localization of light[1], the inhibition of spontaneous @ refractive indexen.<n; andn,. For type(1), the normal
emission[2], etc.; see Ref[3], and references cited therein. COMponents of the electromagnetic waves vanish at the walls

These properties become more pronounced when the PBG §&1d the wave numbers in the direction are restricted to
. . iscrete values. For typ@), the waves decay exponentially
made large. Accordingly, the search for crystals with large

; outside of the WGs. This structure, particularly ty{®, is
PBGs has been extensile-4]. However, to our knowledge gjnjar 1o thecorrugatedWGs, known from optoelectronics,

this search has had a limited success as it has identified strugich generally involve asingle dielectric constant

tures with significant PBGs described by a gap-to-midgagan=0) in the guiding material. In addition, the variations
frequency ratio of only about 20%. in the width of this WG are usually quitemalland approxi-

In this paper, we present results of PBG calculations foimate theoretical treatments are typically employed. Here, we
quasi one-dimensiondQ1D) waveguides(WGs) of width  considers, and's, of the same order as and performfull
a with and withouta periodic dielectric contrast. With inspi- calculations.

ration from the microwave stub tuners and recent work on  For the TE polarization, we hav&(r)=(0,0,E) and

Superlattices ofelectronic stub tuner5[5], we add double H(r):(HX,H ,0) and the scalar wave equation Brreads
stubs branching off the main WG in a periodic manéith- Y

out dielectric contrast a PBG appears when the interference 7 4 7 £t w? 2e_p 1)
between waves propagating along the main WG and those ax2 " 9x2 M E=0

reflected from the stubs @estructive It can be as much as ) .
one order of magnitude largethan that of a Q1D quarter- Where w is the frequencyc the speed of light, and the
wave (qw) structure, withsmall, relativedielectric contrast refractive index. For typ€l) WGs, the solution fox<<0 in
An/n, where An=|n;—n,| and n=(n;+n,)/2. The Fig. 1 can be written as
An=0 gaps can be further enhanced when the refractive
index in the WG varies periodically. In addition, we present

results for the transmittance through a finite number of iden- 4k y
tical units, connected to two infinitely long WGs, and show T
how one can have simultaneously bound states in the gaps, S X

i.e., transmittance resonances, amiresonancesi.e., reso-
nance dips, in the bands by inserting one stub in a WG with
contrast and dinite number of units. We present results only X
for the transverse electr({@E) polarization. We focus on the h E !
1
1

frequency regime in which onlgnemode propagates in the
main WG, so the structures we consider always exHibit
PBGs. The results for transverse magnéfid) polarization t
are similar and will be presented elsewhere together with the Sy
full vectorcalculation. Y ! ‘
The general unit cell of the periodically modulated WGs .
we consider is depicted in Fig. 1. It consists of two segments ! L _ 1
with refractive indices; andn,, and corresponding lengths '
L, andL,. The two stubs have dimensiosg ands,, the x=0
total length isL=L,+L,, andh=a+s;+s,. We consider FIG. 1. The unit cell of a periodic WG with refractive index and
two types of WGsi(1) the dielectric material is enclosed by stub structure. Perfectly conducting boundaries are assumed.
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E1=2 [Usn€ ™+ U T IGR(Y), (2 0707

0.65

wherea,,= /(n,w/c)?— (7m/a)? is the wave number of the ]
mth mode ande)(y)=2/asin(m=[y—a/2]/a). In prin- ) 0.60 -
ciple, the sum ovem should be infinite, but in practice, it is — ]
cut off with m,,,,, large enough to ensure numerical conver- 5 U201

gence. Equatio2) also holds foix=L,. In the stub regions

the solution can be writte[6] as 0'50';

0.45_: a .A.A.A.A.Axx

E=20 [fiio6y) + fior(x,y) . (3) :
040+
The functions &, and &, are Fourier expansions of 0.0 0.2 0.4 0.6 0.8 1.0
X(X) ¢7(y) and obey appropriate boundary conditions at the kXL/Jt
interfacesx=0 andx=L,. X|(x) is given in Ref.[6] and
dy) = \/%Sin(l a[y—d+h/2]/h), whered=s,—s, mea- FIG. 2. Dispersion relationw/w, vs k,L/7, for a WG with

sures the asymmetry of the stub with respect to the point?~2@) stubs(solid dotg and without @=h) stubs(crosses The
y=0 taken at the center of the=n, segments. triangles are fqr the_ same W@ltho_utdlelectrlc _contrast. All pa-
Matching theE field and its derivative at the boundaries rameters are given in the text. Notice that adding stubs renders the
. . . gaps much larger.
x=0 andx=L, leads to an equation involving a transfer
matrix M throughu; =Mu, , where theqth components of _
theu™ column vectors are given by +Uu; for g=mp,cand L1=0.5114 =a, andL,=0.488%. so that they satisfy the
by U;—U; for Myay<0<2Mpa. The matrix element$/;; , qw cond_ition forn,=3.4 andn,=3.6. The triangles are for
given in Ref.[6] for the electronic case, can be modified in a& WG with stubs ¢;=s,=0.3068 , h=1.2273) but with-
straightforward manner for the photonic case with minorout dielectric contrast if;=n,=3.6), the solid dots for a
changes in the wave numbers and the overlap integrals b&¥G with the same stubs buwith contrast (;=3.4,
tween the stub and WGS,,= [ én(y) dr(y)dy, that enter n,=3.6,An=0.2), and the crosses for a stubless WG
the expressions fok;; . The matrix for then=n; segment (a=h=0.5114) with contrast. As can be seen, the first gap
(x>L,) can be obtained in a similar manner and that for thewithout contrast is approximatelgix times larger than the
complete unit cellM, is the product of these two matri- qw gap of the stubless W(&qual to 0.02, ) for this small
ces. The dispersion for the superlattice is obtained by solvingn. As expected, the gapith contrast(solid dots is higher.
the eigenvalue equation Higher gaps behave in a similar way; e.g., the second gap is
Mou® = etk @ aboutfour times larger than the corresponding qw gam(
cel ' +0). Note that despite the large increase in the gap, we are

The transmittance through finite superlattice is given by Still well below the threshold of the second mode in the
T==3n Uoun|*(an/ay), where theuyy,, are obtained by segments, Whl_ch occurs at=cswr/n;a=1.150, . Similar re-
solving the transfer matrix equation with the usual conditionssults follow using typg2) WGs, but the gaps are somewhat
Uinn=1 andu—in,nIO- smaller.

For type (2) WGs, we use an alternate transfer matrix ~ The gap withAn#0, but with no stubs, in Fig. 2 can be
technique where the scalar wave equafibnis discretized ~ increased with a higheAn and eventually become larger
the WG mode functions(y) are expressed as vectors, andthan theA_nzO gap. In all cases, h_owever, there is an almost
E is solved on a 2D mesf7]. constant increase in the contrlbutlpn to the gaming from

In a Q1D superlattice consisting of infinitely wide alter- the stubsAws=Aw—Awp_,, relative toAwg, of the infi-
nating dielectric slabs, assuming normal incidence, a maxibitely wide WG. This is shown in the inset of Fig. 3 where
mum gap occurs when the phase acquired passing througke PlotA ws/Awq, as a function oh/a for variousAn’s, as
each slab ism/2. This quarter-wave condition requires 'ndicated in the caption, and/L=0.51. We have fixed
n,L;=n,L, or equivalently m/2n,L,=m/2n,L,=wylc, Aw@qu=0.0104v. , which corresponds ta,=3.4, n,=3.6.
where wg is the midgap frequency. Then the PRGog, is The top three curves, which correspond to typeWGs, fall

given by almost on top of each other, despite the different choices for
n; andn,. The lower dotted curve corresponds to a type
4 |ny,—ny| 2 |n,—ny] WG with n;=3.4, n,=3.6, andn,,=1. In the latter case,
Awgw= 0 T, Ctr g, (5 the presence of stubs still increases the gap, but the effect is
less dramatic.
wherew, = 7rc/L. We use the parametey as our results all The main part of Fig. 3 shows the first gap as a function
scale with unit cell sizeand for a more useful comparison of a/L for two type (1) WGs, An=3.6—3.4=0.2 (solid
with those for fully 2D PBG materials. curve andAn=1.6—1=0.6 (long-dashed curyeand for a

In Fig. 2 we plot the first two branches of the dispersiontype (2) WG with An=3.6—3.4=0.2 andn.,=1. In each
wl o vsk, for three quasi-1D WGs of typd). To facilitate  case, we have fixed=a (no stub$ andL, andL, adjusted
comparison with the purely 1D case, we have seto the gw condition. In all cases the gap can increase signifi-



53 LARGE PHOTONIC BAND GAPS AND TRANSMITTANCE ... 5371

5.0

1.0 ' "
0.25 0.50 0.75 1.00

a/L FIG. 4. Transmittanc& vs w/ v, and widthh for a ten unit cell
FIG. 3. The first gap\ w in units of Awg,, the gap of a Q1D  type (1) superlattice. The unit cells are the same as those of Fig.
qw structure, as a function afL in a stublessg=h) WG . Forthe  3(g). The periodsh for destructive interference giving rise to the
solid curven;=3.4 andn,=3.6, for the long-dashed curvg =1 gaps, for fixedw (dashed lingis given by Eq.(5).
andn,=1.6 and the WGs are typ@). The short-dashed curve is
for a type(2) WG with n, =3.4 andn,=3.6. Inset: the contribution  riq i st the condition for thelestructiveinterference

of the stubs td\ w, in units ofAw,,, as a function of/a. For the : _ _ _
= = =8, +
type (1) WGs, the refractive indices for the solid, long-dashed, andmentloned above, ks0s, =ksds,=m/2  (5h= 05, + 55,)

dashed-dotted curves are, respectivety,=3.4 and n,=3.6, since the wavelength in the stublig=2m/ks.

n,;=3.0 andn,=3.6, andn,;=n,=3.6. In each case, we have used In Fig. 5@ we plot the transmlttancg'r .VS It for
a=L,=05114, L,=0.488& and fixed wq, at the n;=3.4, a=L,h=1.2271, for a type(1) WG. The solid line is for a

n,=3.6 value. Note thahn=0 for the dashed-dotted curve. The fir_lite superlattice consisting dhree L_mits with stubs s_and-
short-dashed curve is for a typ@) WG with n,=3.4 and Wiched betweenvery long WGs with n=n, and width
n,=3.6. h=0.7159.. In the frequency region corresponding to the
lowest band of annfinitely long superlatticeT showsthree
sharp peaks, corresponding to the number of the units, that

cantly, by a factor othreeto four for the type(1) WGs and d i Tt fttance h stat ibound
about 1.7 for the typd2) WG at the lowest value oé/L escribaesonant transmittancerough stateguasiboundn

shown. The midgap frequencies show the same dependenwﬁ N segments{lO]. Thes_e states form a continuous ba.”d
onalL as the gaps; i.e., they increase with decreasifig when thefinite superlattice is made anger. If the supe.rlattlce
This dependence is inherent in the dispersion relation of £ instead connected to WGs with=n, and width

stubless typdl) WG, (nw/c)?=a?+ (rm/a)?, and shows
how all frequencies are shifted to higher values whethe-
creases. The same result follows approximately for e ]
WGs. Combining these results with those of the inset, we see 1.0 7

that the gap can be more thane order of magnitudtarger 0.8 4
thanAwg, in type (1) WGs. For type(2) WGs, the full gap T E
ata/L=0.51 with stubs included iA o =4.5% wg,, Which 0.4 4
is still quite large. Importantly, for comparable lattice con- 02 ]
stants, refractive indices, and frequency ranges,, typi- 0.0 1\
cally is already about 25% larger than the largest PBG re- 0.45
ported so far fo2D system$8]. The gaps we obtain are also
large in comparison to theamidgap frequency. In the 12
n;=3.4, n,=3.6 example with stubs, despite the fact that 10 4 L
An=0.2 is very small, the gap to midgap ratio is 24%. 0'8_5 i RV
In analogy with electronic stub tuners explored recently ¢~ 1 !t !
[5,6,9], the origin of the gap when;=n, in type (1) or (2) 067 i X
WGs is thedestructivanterference between waves propagat- 0'4‘; b)
ing along the main WG and those reflected from the stubs. 02305 ,
To make this point transparent, we show in .Hga three- 0.0 F-r——r e
dimensional plot of the transmittandevs frequencyw and 045 055 06 (3/7(3 085 095 105
width h for a type (1) WG with n;=3.4, n,=3.6, and L
a,L,, andL, as in Fig. 1. For fixedv, T variesperiodically FIG. 5. (@ The transmittancd vs w/w_ for a finite type (1)
with h and the gaps occur for a change in wid#h, for superlattice othreeunit cells(solid curve connected tavide WGs
fixed frequency(indicated by the dashed lineby of width h=1.7159 and n=n,=3.6. The dashed curve is for

seven units connected tarrow waveguides of widtta=0.5114.
andn=n;=3.4. (b) As for the solid curve ir{a) but withoutdielec-
oh=2m/\(nywl/c)?>— (m/Ly)?=2m/Ks. (6) tric contrasth;=n,=3.6.
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1.0 e \ antiresonancesare now apparent in the first and second

0.8 [ il bands. This simultaneous appearance of peaks and ljips,

: the same defects understood as follows. When one mode is
. 0.6 1 allowed in the main WG and a resonance or antiresonance

04! occurs, the solution in the stub isstanding waveobeying

02 11 sinksh)=0 or ksh=q, q being an odd integer. Odd’s

0.0 1 } , correspond to a wave with even symmetry with respect to the

08 09 10 11 12 13 14 15 y axis. In then,; regions,q=1, the peak corresponds to

/o g=5 and the two antiresonances satisfy this condition for
FIG. 6. Transmittancd vs w/w, for an eight unit type(1) ~ 9=3 andq=7, respectivelyin the stub The T minima can
superlatice (dashed curnje with n,=2.0, n,=3.6, be interpreted as occurring due to reson&rﬂ&ctlonfrom a
L,=0.64d=a, L,=0.351, connected to WGs of width with bound state, a phenomenon noted in the electronic[&8k
n=n,=2.0. The solid curve is for the same superlattice with the There is no coupling to odd symmetrg| €ver) waves due to
n, segment of the fourth unit in the form of a double stub with orthogonality, unless the stub is made asymm¢&|cWhen
n=n,. This “defect” leads simultaneously to resonances in themore stubs are inserted in the middle of the WG, the reso-
first gap and antiresonances the first and second bands. nances and antiresonances widen into bands in the gaps and
gaps in the bands, respectively. These same results follow for

a=0.5114, these resonance peaks disappear, as shown )€ type(2) case. .

the dashed line, because this band is now below the propa- In_conclusmn, We_h_ave shown that perlodlcally_modulgted
gation threshold of the attached WGs and the transmittanc@!@si-1D WGs exhibitompletePBGs. By reducing their
only begins with the second band in the dispersion. We hav¥/idth and adding structure such as stubs, the size of the

used seven units for the dashed curve to show how the high&BCS can be enlargety several timesn comparison to the
gaps begin to show up when the superlattice is made |Onge_p_urely 1D case, the effect being more dramatic when the WG

The second of them stands outuliw, ~0.77. An important 'S enclosed by perfectly conducting boundaries. Moreover,
observation is that these quasibound states occur even whilf§ Nave shown that PBGs exisithout dielectric contrast

the dielectric contrast is absent. This is illustrated in Fig)5 When the interference between waves propagating along the
for n,=n,=3.6 and is in line with the existence of the Man WG and those reflected from the stubs @estructive

An=0 gap; cf. Fig. 1. Notice, however, that the threshoIdFina"y_’ the tra_nsmitt_ance results fofiaite superlattice, with _

for transmittance is now lower, at/ w,_=0.57 since the gap and without dielectric contrast, shoyv that bound states exist

is smaller. and they occur before the propagation threshold for. the main
We now consider defects introduced in a finite ty(ie WG; they form the lowest band when the superlattice has a

WG superlattice. In line with the previous studies in 1D andsu.fficiently large number of units. If.a stub is inserted in the
2D, defects involving the interchange of refractive indices™ddle of @ WG, both resonances in the gaps antreso-

introduce states in the gaps, i.e., transmittance peaks, withdneesin the bands occur that widen inteewbands in the

the peak position largely determined bglimensionsof the gaps and gaps in the bands when more stubs are stubs are
defect. A qualitatively different defect is a double stub in- inserted.
serted in a WG with contrast. In Fig. 6 we show the trans-
mittance for an eight-unit superlattice in which the por-

tion of the fourth unit has the form of a double stub. Apart This work was supported by NSERC Grant No. OG-
from the usual resonance peaks in the gaps, transmittan¢dN028.
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