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The mutual interaction of three different defects in photonic crystals is studied theoretically.

A theoretical

model based on the classical wave analogue of the tight-binding (TB) picture is applied to the structure. We

obtain analytic expressions for the eigenfrequencies and eigenmodes, from which the transmissions at resonance

are derived. Based on this, a new type of the photonic quantum-well structure is investigated and its possible

application is discussed. The TB predictions are compared with the transfer matrix method simulation results.

PACS: 41.20.Jb, 42.55. Tv, 42.70. Qs

Photonic crystals (PCs) are composite structures
with a periodic arrangement of refractive indices.
In such materials, there exist photonic band gaps
(PBGs), in which the existence of photons is forbid-
den. By introducing defects into PCs, it is possible to
obtain localized modes inside the PBG. Coupled de-
fects have been investigated 3! and used in various
applications.[*=7]

The tight-binding (TB) method, which was origi-
nally developed for electronic systems, has been suc-
cessfully applied to various photonic structures!s:?!
duo to similarity between the Schrodinger equation
and Maxwell’s equations. In these structures, the
eigenmode of each defect is tightly confined to the
defect site. The overlap of the modes can provide the
propagation of the photons through neighbouring de-
fect sites via hoping.

Using the TB method, analytic expressions for the
eigenfrequencies, eigenmodes and dispersion relation
corresponding to coupled defects which are identi-
cal have been derived.[?319=12] However, theoretical
studies of the mutual interaction of different defects
and expressions for the transmissions at resonance
have seldom been reported. In this Letter, we inves-
tigate the PCs with three different defects and obtain
the eigenfrequencies and eigenmodes, from which the
transmission at resonance is derived.

The model we use in the simulation is a one-
dimensional (1D) PC composed of SiOs and Si with
three SiO, defects. The structure is (HL)* d; (LH)Y
L dy (LH)N L ds (LH)N*, where dy, dy and d3 rep-
resent three defects, and the superscripts Ng and N
are the period number of the unit. The refractive in-
dices of Si and SiO5 are ng = 3.7 and nr, = 1.5 re-
spectively, and their optical thickness are equal, i.e.,
ngdyg = npdp. The thickness of the second defect
layer is dy = 2.0dy,, and the frequency of the corre-
sponding defect mode is {22 = 0.2343. §2; and {23 are
chosen to be close to {25 so that its TB parameters o
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and (3 are assumed to be equal to those of the PC with
identical defects, which can be obtained by substitut-
ing the resonant frequencies calculated by the trans-
fer matrix method (TMM) simulation into Eq.(3) in
Ref. [11]. The ambient medium is air, and the incident
angle is 0°.

We first consider individual localized modes
Egi(r), Ega(r) and Egs(r) of three single defects,
which satisfy a simplified version of the Maxwell equa-
tion

V X[V x Eg123(r)] = eo(r)(12.3/¢)* Eq1,2,5(7),
(1)
where £o(r) is the dielectric constant of a PC with
a single defect, {2, {2 and 23 are the frequencies
of the individual localized modes of three single de-
fects. Here it is assumed that Egq(7r), Epa(r) and
E o3(r) are real, nondegenerate and orthonormal, i.e.,
fd’l‘f:‘o(’l’)EQl(T) . _E_Ql(r) = 1, fd’l"Eo(T’)E_Qz(’I") -
Egs(r) =1, and [dreo(r)Eqs(r) - Egs(r) = 1.

In the case of three weakly interacting coupled
defects, we can express the corresponding eigenmode
as a superposition of the individual evanescent defect
modes

E, (r)=AEp(r)+BEg3(r—Az)+CE g3(r—2A2),

2)
where A is the distance between neighbouring de-
The eigenmode E, (r) also satisfies Eq. (1)
where ey(r) is replaced with the dielectric constant
of the coupled system e(r) ~ e(r — Az) =~ e(r — 242),
and (2 » 3 replaced with eigenfrequency w of the cou-
pled defects,

fects.

V x [V x Ey(r)] = e(r)(w/c)?E,(r). (3)

Multiplying both the sides of Eq.(3) first by
Ei(r), then by Ego(r — Az) and by Eg3(r — 242)
respectively and spatially integrating the resulting
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equations respectively, we obtain the analytic expres-
sions for the eigenfrequencies and eigenmodes for 2; =
(25 # (% and () =~ (25 # (23. For simplicity, the field
patterns of three localized modes E 1(7), E o2(r) and
E o5(r) are assumed to be the same when (2, {25 and
{23 are close enough.

Firstly, the eigenfrequencies corresponding to cou-
pled defects for £y = {25 £ (2, are given by

w1 = 93, (4)
_ 2
w2 = I02\/]- - 2ﬁéf2 — aQ)QQQ?) ’ (5)
_ 2
3 2

where a = [dre(r)Egi(r) - Ege(r — A2) and 3 =
[ dreg(r — AzZ)E 1 (r) - Egs(r — A&). Corresponding
to eigenfrequencies wq,ws and wg, the coefficients in
Eq. (2) are given respectively by

C=-4, B=0, (7)
02— 2

C=A, B~ 24 (8)
(o —3)023

C=A, BrxO. (9)

Table 1 gives a comparison between the resonant
frequencies calculated by the TMM simulation and
values obtained by using Egs. (4)—(6) for 2, = 25 =
0.2484 and Ng = 2. Equations (4), (5) and (6) indi-
cate that w; changes slightly, and wy and w3 are closer
to f25 and 23 respectively with increasing the defect
separation, i.e., decreasing a and (3, which can cause
a degeneration of ws and w; due to w; = 25. The TB
predictions coincide well with the TMM simulation
results.

Table 1. Comparison between the eigenfrequencies obtained

by using Egs.(4)—(6) and the TMM simulation results for
21 = 23 = 0.2484 and Ng = 2.

N =2 N =3 N =4
TMM TB TMM TB TMM TB
wz 0.2318 0.2311 0.2338 0.2338 0.2342 0.2342
w3 0.2511 0.2513 0.2485% 0.2488 0.2483% 0.2484
w1 0.2483 0.2484 0.2484 0.2484

* w1 and ws degenerate.

We obtain |A| = |C| from Egs. (7)-(9), which in-
dicates that the transmissions at resonant frequencies
wi,wy and ws equal to 1. This can be explained as
follows. The magnitude of the incident electric field
is assumed to be 1. The electric field magnitudes aqs
and bys of plane waves propagating toward right and
left at the third defect are related to the magnitude of
the output electric field by a matrix

(8)-#(%)-( (%)
Aas = |ags| + [bas| = (|f] + k) VT, (10)

where M is the transfer matrix of the right of the
third defect, Ag3 is the maximum magnitude at the
third defect. Similarly, we have

(1) (£ 9) (b )

Ag = |ag| + |bar] = |f + 91— Twei‘/’*|
+ |k + /1 — T,er|, (11)

where a4 and bgy; are the magnitudes of plane waves
propagating toward right and left at the first defect,
and Ay is the maximum magnitude at the first defect.
We derive Ag; = Ags from |A| = |C| and then T, = 1
from Egs. (10) and (11). Figure 1 shows the trans-
mission spectra calculated by the TMM simulation at
N = 2,3, 4 for Ns = 2 and {2, = {25 = 0.2484. All the
transmissions at resonance equal to 1 for N = 2, but
the transmission at the resonant frequencies except for
wo is less than 1 for N = 3 and 4. This is explained
as follows. With the defect separation increasing, the
overlap of the localized modes decreases so that the
overlap is not enough to provide the complete propa-
gation of the photons through the first and third defect
sites and to enable the defect mode to split. Therefore,
the corresponding transmission at resonance becomes
smaller with the increasing defect separation, which is
analogous to that of PCs with two identical defects.
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Fig. 1. Transmission spectra calculated by the TMM sim-
ulation at N =2, 3, 4 for Ng = 2 and (2 = 23 = 0.2484.

Secondly, we consider the eigenfrequencies and
transmission at resonance when {2 is very close to {2,
but is not equal to 23. We obtain the eigenfrequencies
as

o V (23 + 93) + /(% — B + 4P 0253

2(1 — a2) ()
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o V (22 + 93) - (9 — B + 170253
— 2 ’
2(1 — a?) (13)

[ ﬂ2()2

When 27 > (25, ws is less than {25 due to the coupling
of localized modes of the first and second defect and
then its expression is Eq. (13). Otherwise, the expres-
sion of wy is Eq. (12).

Corresponding to w’ and w”, C'//A are given respec-
tively by

C  (B-0)- BB+ PR
AT - -0 - (- B+ AP0
(15)

(28 — 023) + /(0 — 03)2 4+ 420 23
(203 — 02— 03) + /(27 — BP + 422 0E
(16)

Table 2 shows the resonant frequencies calculated
by the TMM simulation and values obtained by using
Egs. (12)-(14) for 2, = 2, = 0.2343, 025 = 0.2484
and Ng = 2. With the increasing defect separation,
eigenfrequencies w’ and w’ are closer to {2, and ws is
closer to (2.

C_
A

Table 2. Comparison between the eigenfrequencies obtained
by using Egs. (12)-(14) and the TMM simulation results for
21 = (22 = 0.2343, 23 = 0.2484 and Ng = 2.

N =2 N=3 N =4
TMM TB TMM TB TMM TB
w1 0.2291 0.2308 0.2323 0.2329 0.2335 0.2338
wz 0.2379 0.2377 0.2359 0.2356 0.2349 0.2347
w3 0.2499 0.2500 0.2485 0.2486 0.2483 0.2484

Now, we consider the transmission at resonance.
The magnitude of the incident electric field is assumed
to be 1. The ratio of the output electric field magni-
tude to the maximum magnitude of the field inten-
sity at the third defect is denoted by 7, which can be
derived from Eq. (10). The magnitude of the output
electric field is written as

C(E_Qg(’l‘ — QAQAS))MAX
AEo (M)uax 1"

where (E_Ql(’r))MAx/(E_Qg(T' — 2A§3))MAX 1s as-
sumed to be equal to 1 because §2; and (23
are close. The TMM simulation results show
(EQl(T‘))MAx/(E_Qg(’I‘ — 2Alf3))MAX = 1.03 at 2 =
0.2343 and 23 = 0.2484. The transmission T, at the
resonant frequency w equal to |Agys|?, which is given

by

Aout - Ad1

O\ 2 Ch 2
T, = (-) Ag)? = (—) , 17
A (nAa1) A ¢ (17)
where c is a constant, which is determined by inserting

the transmission T, obtained by the TMM simulation
into Eq. (17).

Figure 2 gives the transmission at ws as a function
of 1 for Ng = 2, N = 4 and {23 = 0.2484 and for
Ng =3, N =6 and {23 = 0.2411. The lines are calcu-
lated by substituting Eqgs. (15) and (16) into Eq. (17),
and the circles are obtained by using the TMM simu-
lation. The TB predictions are in excellent agreement
with the TMM simulation results when (2; is very close
to f25. From Fig. 2, it is obvious that the transmission
has its minimum value at 2; = (2 when [ is small,

which is derived from Egs. (17) and (15) or (16) to be
B \?
= (25 e o
MIN 20 ¢ (18)
which is dependent of 3 and 27 — £23.
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Fig. 2. Transmission at resonant frequency ws as a func-

tion of {21 for Ng = 2, N = 4 and 23 = 0.2484 (solid lines

and solid circles) and for Ng = 3, N = 6 and 23 = 0.2411

(dashed lines and open circles). The circles represent the

TMM simulation results. The lines are obtained by using

Egs. (15)—(17).

{2, ranging between {23 and (2, the transmission
T, varies from 1 to its minimum value T,, piin. There-
fore, decreasing the difference between 25 and {23 can
improve the sensitivity of the transmission T, to 2;.
It can cause an increase of the minimum transmission
T, miNn- To avoid increasing T, N, we decrease 3 by
increasing the defect separation. Figure 2 shows that
the transmission at resonance is more sensitive to 2;
for £23 = 0.2411 than {25 = 0.2484, and the minimum
transmission Ty for Ng = 3 and N = 6 is smaller
than that for Ng =2 and N = 4.

Figure 3 shows the natural logarithm of the trans-
mission at w; as a function of 2, for Ng =2, N =4
and {23 = 0.2484 and for Ny = 3, N = 6 and
{23 = 0.2411. The transmission at w; has its maximum
values at 2, = f2 and §2; = §23. The TB predictions
are in excellent agreement with the TMM simulation
results. This good agreement shows that the TB for-
malism and the assumption that the field patterns of
three localized modes are the same are valid for our
structure.
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Fig. 3. Natural logarithm of transmission at resonant fre-
quency wi as a function of 21 for Ng = 2, N = 4 and
23 = 0.2484 (solid lines and solid circles) and for Ng = 3,
N = 6 and 25 = 0.2411 (dashed lines and open circles).
The circles represent the TMM simulation results. The
lines are obtained by using Egs. (15)—(17).

When 2, is between {25 and (23, the transmission
at the eigenfrequency wi, which is not less than the
transmission at ws, is far less than that at w-o except
for !?1 = !?2.

When (2 = {25 # (X, there is only a complete
transmission peak around (2, in the PBG for N = 3
and 4. This is explained as follows. The structure is
composed of three PCs each with a defect whose PBG
are identical but defect modes are different. For the
electromagnetic (EM) wave with the frequency of the
defect mode of the middle PC, two surrounding PCs
strongly prohibit its propagation and play roles of bar-
riers, whereas the middle PC sustains its propagation
and acts as a well. The photonic quantum-well (QW)
structure is formed and the EM wave is highly con-
fined to the middle PC, especially to the defect in the
middle PC (see Eq. (8)). Therefore, the overlap of the
localized modes is enough to provide the propagation
of the photons through neighbouring defect sites via
hopping. A complete transmission is observed around
the frequency of the defect mode of the middle PC,
i.e., .Qz.

Tuning §2; to {2, only a surrounding PC pro-
hibits the propagation of the EM wave with frequency

of the defect mode in the middle PC. The photonic
QW structure completely vanishes. Consequently the
transmission at resonance around {2, approaches its
minimum value.

This provides a mechanism for optical switches,
whose efficiency and sensitivity can be improved by
decreasing {25 — (2, and increasing the defect separa-
tion. For the input light with frequencies even extend-
ing throughout the PBG, the intensity of the output
light with a narrow band of frequencies can be tuned
by using the structure. It is different from optical
switches realized by a periodic modulation of defects
in a PC,[ a shift of band edge,'3! and a shift of defect
modes, ¥ which require that the input light must be
limited in a narrow range of frequency. As compared
with the optical switch using two defects in series,'®!
the transmission at resonance of this structure can
reach 1 due to high confinement of EM wave.

In conclusion, the transmission properties of the
PCs with three different defects have been investigated
by using the TB method, which is a useful tool to
investigate the mutual interaction of defects in struc-
tures. This study is crucial to the design and charac-
terization of these PCs.
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