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Based on the present coupled mode theory of the photonic crystal resonator array in this paper, we propose a novel

side-coupled waveguide to achieve highly efficient coupling of photonic crystal devices. It is found that the coupling

efficiency is sensitive to the interval, the total number and the quality factor of the resonator. Considering the coupling

efficiency and the coupling region, we select five resonators with an interval of six lattice periods. By optimizing the

structure parameters of the waveguide and resonator, the quality factors of the resonator can be modulated and the

coupling efficiency of the side-coupled waveguide reaches 95.47% in theory. Compared with other coupling methods,

the side-coupled waveguide can realize efficient coupling with a compact structure, a high level of integration and a low

degree of operational difficulties.
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1. Introduction

Photonic crystals (PCs) are promising structures
for optoelectronic integration and all-optical devices
owing to their unique features in controlling the
flow of light.'=% So far, PCs have been exploited
for realizing highly compact optoelectronic devices
such as PC waveguides, =8/ optical switches!?1% and
couplers.' =14 Because of their ultra-compact struc-
tures, PCs are envisaged as the main candidates to
implement future integrated photonic/optical circuits.

The issue of how to couple light to PC devices
has attracted much attention because of its signif-
icant value in optoelectronic integration.'®=19 The
key problem with efficient coupling is the small vol-
ume and coupling region of the PC devices.'>=17]
Many traditional coupling methods have been pro-
posed, such as geometry optics coupling (GOC) [18:19]
and evanescent-wave coupling (EWC).[20:21] For the
GOC method, the lightwaves are coupled to the PC
devices from the end face by external optical elements,
such as focusing lenses, gratings and fiber tapers. In-
sertion and scattering losses owing to the use of the
external optical elements influence the coupling effi-
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ciency dramatically. The small coupling region also
leads to a high degree of operational difficulty. The
EWC method enlarges the coupling region through
coupling the lightwaves on the top of the PC de-
vices. In 2004, Barclay et al. reported that near-unity
coupling efficiency could be gained using the EWC
method.?’) The coupling part (fiber taper) and the
PC devices are independent of each other, and the
distance between the fiber taper and the PC waveg-
uide is difficult to control accurately. Moreover, the
independence of the coupling part and the PC devices
leads to a complicated structure, and thus a low inte-
gration level. A new approach, supporting a compact
structure, a low degree of operational difficulty and a
high integration level, is therefore of significant value.

In this paper, we investigate the coupling mode
theory of the resonator array and propose a novel ef-
ficient PC side-coupled waveguide (SCW) to couple
the light from the light source to the PC devices ef-
ficiently. The SCW is composed of a PC waveguide
and a coupling part that relies on a high-quality-factor
(Q) PC resonator array. Lightwaves are coupled into
the PC waveguide from the light source through the
high-@ PC resonator array. Compared with GOC and
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EWC methods, the coupling region of the SCW is
enlarged by introducing the high-Q resonator array.
Additionally, the coupling part and the waveguide are
integrated in one substrate. Thus, the position pa-
rameters of the coupling part and waveguide are op-
timized and fixed, and the operational difficulty de-
creases. The integration of the coupling part and the
PC waveguide also brings a more compact structure
and a high integration level. Integrated with PC op-
toelectronic or all-optical devices, SCWs can also be
utilized as the incident terminal of PC devices, which
shows great universality and compatibility.

2. The coupling mode theory of

high-() resonator arrays

Figure 1 shows the coupling width of an SCW
(Ws) and the width of a PC waveguide (W). W is de-
cided by the amount of resonators. By introducing the
resonator array, we can increase the coupling width

and consequently the coupling region (S5 = Wy x h,
where h is the thickness of the PC). Take the PC de-
vices in the optical communication waveband for in-
stance, the coupling width of the traditional coupling
method is typically only several hundreds of nanome-
ters. In contrast, the SCW can increase the coupling
width up to tens of micrometers or even larger. The
SCW with a large coupling region permits large-scale
light sources and can output more power, which makes
pre-focusing and collimation easier. Additionally, the
SCW with a large coupling region reduces the diffi-
culty of the coupling between the PC and the fiber
taper.

The amplitude of the selecting wave is denoted
by a. The resonant frequency and the @ factor due to
the intrinsic loss of the resonators are denoted by wy
and g, respectively. The amplitudes of the incom-
ing or outgoing waves for the resonator of number n
(1 < n <) are denoted by S,, S”,, S., S_n, An,
and A_,, respectively. The squared magnitude of the
amplitude is equal to the energy in the mode.

Fig. 1. A schematic of the SCW. A high-Q resonator array is placed on the side of the PC waveguide, and light
is coupled into the PC waveguide through the high-Q resonator array.

According to coupling theory,22-2% the time evo-
lution of the resonator is described as follows:

da _ w_ﬂ_&_wo
a T, 20, T 204

+eJ9‘° o — S,
V 2Qn

A An, (1)

+ eJ Oy
wo
2Qq

where Qy, and QQq are the @ factors related to the rate
of coupling into the waveguide and decay out of the

eJ9d

resonators, respectively. 6, and 64 are the phases of

the coupling coefficients between the resonators and
the bus waveguide or incident wave, respectively.

According to power conservation and time-
reversal symmetry, the relationship among the am-
plitudes of the incoming or outgoing waves can be ex-
pressed by

s A +5,—e J9b1/ (2)
! —9b
S, A +5 ] ‘/2Qb (3)

5<n+1> =SL,m ST (nt1)s (4)
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where r = e 7189 3 is the propagation constant in the
bus waveguide, and d is the interval of the resonators.
The coupling efficiency is defined as follows:

_ IS4+ |5’2z|

(=)

In the coupling system, the electromagnetic wave

(5)

is coupled from the side of the SCW. Consequently,
S1 =0, 5] = 0, and the amplitude of the selecting

wave (a) has a e’“! time dependence. By solving
Egs. (2)-(4), S, and 5], are written as
S, = %(Amn—l) + Agr™D o AL )
— eI \/E(r +72 4 Dya, (6)
S, = %(An+1r+-An+2T2*‘“"thru_"n
— eI (r +r2 4+ e, (7)

2Qb

By solving Eqgs. (4), (6) and (7), the resulting expres-
sions of S_; and S’ are given by

1
S_1 = SLI = 5(/417“(1_1) + AQT(I_Q) +--- 4+ Al)

— el QLZ) (r+r2 447D 1 1)a. (8)
b

Inserting Eqgs. (6) and (7) into Eq. (1), we obtain

Ha + mla = (Alrnfl ++ Ayar
+ Apar o At
-I-TdAn. (9)
If we suppose that
wo
H=jw-jw +—+—+—,
T Q0 2Qn  2Qu

n

I=r+r+ " g2 b,

A,, can be derived by solving Eq. (9). The coupling

efficiency can be obtained by inserting Eq. (8) and A,

2

into Eq. (5). Herein, since the expressions of A,, and
the coupling efficiency are extremely complicated, the
detailed expression of the coupling efficiency will be
given in the appendix.

Figure 2 shows the coupling efficiency as functions
of #d/m at the resonance frequency. It can be found
that the coupling efficiency is sensitive to Gd. The
maximum coupling efficiency can be obtained when
Bd=2nm(n=0,1,2,...).

1.0 T T T T T T T T T

e e o
~ =) 0
T T T

Coupling efficiency

o
o
T

04 0
Bd/n

Fig. 2. The curve of the coupling efficiency as functions
of Bd/m at the resonance frequency.

When the Gaussian wave is launched and gd =

2nmt (n=0,1,2,...), Eq. (8) can be written as

\/; - (10)

From Eq. (9), the calculated result of A,, can be writ-

(1+1)/2
S’,l:S,l_f > Ay —lemit
—(1+1)/2

ten as
2H 4+ (1 — 1)
A, = e
(i-1) Jeb\/7+2eJ9d\/;
where e~®’is the Gaussian factor. By inserting

Egs. (10) and (11) into Eq. (5), the coupling efficiency
of the SCW excited by the Gaussian wave is given by

2

_ S_15_; | l y (1 —1)QoQa + 2Qov/QbQa (12)
" (1+1)/2 (1+1)/2 2QbQa + QoQy + 1Q0Qq
Al(x) e~
—(¥1)/2 —(I+1)/2

From Eq. (12), we can see that the coupling ef-
ficiency is sensitive to the following factors: the total

number of the resonators (1), Qo, Qp and Qq. Fig-

ure 3(a) gives the coupling efficiency as functions of
Qo and the total number of resonators when @, and

Qq are, respectively, 10* and 102. It can be observed
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that the coupling efficiency declines with the increas-
ing total number of the resonators, and the coupling
efficiency reaches the peak when there is only one res-
onator. However, the coupling region is decided by
the amount of resonators, as shown in Fig. 1. Five
resonators are selected for the coupling part of the de-
vice because when five resonators are introduced, the
width of the SCW is about 15 um, and the coupling
efficiency can still reach 90% or higher. The coupling
efficiency is also sensitive to (Qy. For appropriately-
designed resonators and a large enough amount of
surrounding photonic crystal material, the intrinsic
loss of the cavity is attributed to the reflection loss at
the interface between the interior and exterior of the
cavity.l?6=28 For the two-dimensional (2D) PC res-

onators, most of the intrinsic loss comes from the ver-

oy (a)

=}

‘% 1.0-

g 0.8

S 0.6

g 04

s o

15) 0

e 100 3 x/\//AO

tical loss of the lightwaves. One of the best approaches
to this problem is the PC slab, in which the lightwaves
are confined by total internal reflection at the inter-
face between the substrate and air clad in a vertical
direction. Therefore, by appropriately designing the
structure of the resonators in the PC slab, the intrin-
sic loss can be controlled at a low level. In addition,
Tada et al. proposed that the vertical loss of 2D PC
devices can also be restrained by depositing Ag on the
surface of the substrate and capping an Si substrate
coated by Ag on the top.223% The coupling efficiency
as functions of Qy, and Qg is shown in Fig. 3(b) for
an SCW composed of five resonators and Qo = 102.
It can be found that a high coupling efficiency close
to 1 is achieved, when @), is arranged from 103 to 10*
and k (k= Qp/Qaq) is about 10 or even lower.

(b)

%000
— 4000

0 Ql)

Coupling efficiency
=)
W

Fig. 3. (a) Coupling efficiency versus Qo and the total number of resonators. (b) Coupling efficiency as functions of

Qp and Qq.-

3. The side-coupled waveguide

On the basis of the structure illustrated in Section
2, we constructed an SCW with square array silicon
rods in a silicon-on-insulator (SOI). The five-resonator
array is placed on the side of the PC waveguide. A
schematic of the SCW is shown in Fig. 4. The light
is confined in the silicon rod by the photonic crys-
tal band gap in the z—z plane and conventional total
internal reflection in the vertical (y) direction. We
consider a 2D PC composed of square array silicon
rods in air with a lattice constant p = 510 nm. The
rods are designed to be 400 nm in height. The ra-
dius and refractive index of the rods are r = 0.2p and
n = 3.4, respectively. The normalized frequency of
the TM photonic band gap extends from 0.29 to 0.42,
which is calculated using the plane wave expansion
method.

As shown in Fig. 4(a), the SCW is composed of
the side-coupling part that relies on five resonators
and the waveguide part. Point defects consisting of
rods with a radius (r, = 0.1p) smaller than that of the
surroundings are introduced to construct the PC res-

onators. The resonance wavelength is 1550 nm. Since
the coupling efficiency reaches the peak at gd = 2nm
(n=0,1,2,...), in view of the direct coupling, the
interval of the resonators is set to be 6p.123! The waveg-
uide part is composed of line defects consisting of rods
with radius r; = 0.06 um. The structure parameters
are shown in Fig. 4(b). By virtue of five resonators,
the light wave is coupled into ports 1 and 2. Part
of the light wave leaks out as the reflection loss. As
shown in Fig. 4(c), a monitor is introduced to record
the energy loss, and two monitors are also placed in-
side ports 1 and 2 to record the output energy. A
TM light source with large scale is placed on the side
of the SCW. In this paper, we focus on the condition
where the light is projected on the resonator array
along the z direction in the z—z plane. The coupling
efficiency is sensitive to the incident angle. At nor-
mal incidence, light is coupled into the waveguide part
through the resonator array efficiently. Otherwise, the
output powers of the two ports will be different, and
the coupling efficiency will decline slightly. Normal
incidence is achieved when the output power reaches
the maximum value and is equal to each other.
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Fig. 4. (colour online) (a) A side coupling system composed of two parts: the coupling part and the waveguide part.
The coupling part is composed of five resonators, and the waveguide part is composed of a line defect with rods of a
radius smaller than that of the surroundings. (b) One resonator unit of an SCW. The radii of the rods located around

the point defects (r1, r2 and r3) are optimized. (c) The structure schematic of an SCW. Two monitors are placed in

ports 1 and 2 to record the output power.

The coupling efficiency is defined as the value of
the output power divided by the incident power, as
shown in Eq. (5). In this paper we focus on the cou-
pling between the PC waveguide and the resonator
array, and the transmission loss is ignored. Therefore,
the incident power is equal to the sum of the output
power and the reflection loss, and the coupling effi-
ciency can be written as

L+ D
I;

where I; and I, are, respectively, the output powers

; (13)

of ports 1 and 2, and I; is the input power.
The coupling efficiency of SCW is only about 40%

before optimization. As discussed in Section 1, to en-

hance the coupling efficiency, the key point is to gain
a high @y and increase k (kK = Q,/Qq). The radius
of the rods around the point defect will influence the
values of @, and Q4 dramatically. The curves of Qy
and Qg as functions of ry are shown in Fig. 5(a). At
the point of r1 = 0.23 wm, the value of )}, reaches
about 1.3 x 10%, while Qq is about 1800. The curves
of @y, and Qg as functions of ro and r3 are shown
in Figs. 5(b) and 5(c), respectively. At the points of
ry = 0.23 um, ro = 0.26 pm, and r3 = 0.12 pm, @y
reaches about 1.7 x 10%, while Qq is about 90. The
value of k reaches about 200. According to the theory
analyzed in Section 2, the SCW can work efficiently
when Qp, = 1.7 x 10* and &k = 200.

034215-5



Chin. Phys. B Vol. 21, No. 3 (2012) 034215

16

a — Qb
(=) == Qa

—_
V)

Quality factors/103
o

0
0 0.10 0.20 0.30
r1/pm
16
(b) —Qy
---Qu
12

Quality factors/103

Quality factors/10%

r3/um

Fig. 5. (colour online) Optimization of the structure pa-
rameters. (a) The curves of Qp, and Qq as functions of 7;.
(b) The curves of Qp, and Qq as functions of r2. (c) The
curves of Qp, and Qg as functions of r3.

Figure 6(a) shows the transmission spectrum of
the SCW. At the selecting wavelength of 1550 nm, the
monitor values of ports 1 and 2 reach the peaks, and
the energy loss is nearly zero. Figure 6(b) shows the
transmission characteristics of the SCW. The moni-
tor values of ports 1 and 2 are both 6.8, owing to the
symmetry of the SCW, and the reflection loss of the
SCW is about 0.645. From Eq. (13), the total cou-
pling efficiency of the two channels is calculated to
be 95.47%. Figure 6(c) shows the field pattern of the
system. The electromagnetic wave is concentrated in
the waveguide part, while the energy loss is low by

contrast. The simulation is performed using the fi-

nite difference time-domain method with the perfectly
matched layer absorbing boundary condition.
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Fig. 6. The transmission characteristics of the SCW. (a)
The transmission spectrum of the SCW. (b) The moni-
tor values of the output power and the reflection loss. (c)
The field pattern of the SCW when the Gaussian wave
propagates at the resonant frequency.

Based on the above results, it is shown that the
SCW couples with the lightwaves efficiently, the en-
ergy density in the waveguide is much higher, and the
two channels of the SCW can also be utilized as T-
type PC waveguides.

4. Conclusions

The coupling mode theory of a resonator array
has been analyzed, which may be of significant value
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It is found that the cou-
pling efficiency of the SCW can be influenced by the
interval, the total number and the @ factors (Qo, Qv
and @q) of the resonators.

for PC coupling devices.

Based on the resonator
array, the SCW is proposed to realize efficient cou-
pling between the PC devices and the light source.
Five parallel resonators with an interval of 6p are se-
lected in view of the coupling efficiency and the cou-
pling region. The intrinsic loss of resonators can be
restrained by designed SCW in SOI due to the total
internal reflection at the interface between the rods
and the substrate/air clad. @ and Qg4 are modu-
lated through optimizing the radius of the rods lo-
cated near the point defects of the resonators. When
ry = 0.23 pm, 7o = 0.26 pm and r = 0.12 pum, the
theoretical coupling efficiency is 95.47%. Compared
with the GOC and EWC methods, SCW shows the
following advantages: a high integration level, a low
degree of operational difficulty, a compact structure
and near-unity coupling efficiency.
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Appendix A

The complexity degree of A,, and the coupling ef-
ficiency 1 depends on the amount of resonators. The
coupled mode theory of [ resonators is analyzed using
numerical calculation software. Herein, we give the
expression when the coupling part is composed of five
parallel resonators.

Resolving Eq. (9), we obtain

l
E 1 An = 7@@ [(6Tde’I“4HQb — 8Tde7“3HQb
b

— 2, Tar?HQy — 167, 7ar HQy,

— dmyrartw — 121, mar3we — 141, marwy
+ 4Td27"4w0 + 8Td2r3wo + 127§r2w0

+ 1673rwy — 672r HQy, + 1272  HQy,

— T§T2HQb + 207’d2HQb + 107,37“4w0)

X (275’1"4 — 4T§7‘d’l"4 + 2TbT§r4 — 37§Tdr2

+ 2Tb7'§7“2 —1—47'5’)_1]27 (A1)

where 7, and 74 are the coupling coefficients associ-
ated with the wave coupled into the bus waveguide

and the wave decayed out of the resonator, respec-
tively. They can be expressed as

= el

Ty = eJ0<l
d V 2Qd

The coupling efficiency 7 is expressed as

1
Z[(QTdHQb —1lryrariewy — 2T]:T2HQ]O
+ 6T§w0r4 — STder3w0 — 2Tb7'dr2w0

’[7:

6TdeT3HQb + 37’37“2(4}0 + 4T§T4WQ

— 21, TarHQy + ijo + 4T§w0r3 + 4523 HQy
— TryrarSwy — Ty Tariwy — 87'§7’5Qb

+ 27’37”6(,00 — 8TdeT4HQb + 87§T4HQb

+ 2T§rHQb + 27'§7"4HQb — 2TbT§Qb
ZTbrg’r?’Qb — 2T§T§T3Qb — 27’57’37‘7Qb

+ 6727ar* Qp — ATETITOQy + 141341’ Q)

— Ay Tar? HQy, — 2TbT§T2Qb

4T€T§T4Qb
— 8T§r8Qb — QTngTSQb - 47’57’37’6@1)

- QTng’rQb + STgTdﬂQb + 4T§r7w0

+ 47',37“7w0 — 27,37'(?7“2@13 — 87',;17“7Qb — 87§T4Qb
+ 472r5w0 + 2123 HQy, + 6707472 Qy,

+ QTgrzHQb + 4757’8@00 + Tgrgwg + T§r7wo

+ 4T§T5w0 + 14T€’Tdr4Qb — 87§T6Qb
AryrarBwg + STgTdTng — AmyTar wo

27, Tar* Qp + 1473 74r° Q) /(— 4Ty Tar* HQy,
+ 127§T3HQ1) + 3y rartHQy

— 67§T4HQb + 3T§r2w0

— Tde’l’zHQb — 7Tde7“4w0 — T§T2HQb
+ 57§HQb + Td27“4w0 — 6T, Tar3wo
— TroTariwg + 27'(?7"31,«)0 + 107§r4w0

)71}2.

H 2
— 8mpTar” Qv + 4737g
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