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Photonic crystals spot-size converter that achieved the controlling of the spot-size through two-stage con-
versions was proposed. The pre-conversion depended on the efficient coupling between the high quality fac-
tor resonator and photonic crystal waveguide. Nearly unity transmission efficiency of the pre-conversion can
be achieved through optimizing the radii of the rods located surrounding the resonator. Nanowire waveguide
with width of 0.14 um at a distance 1.05 um from the resonator was introduced to realize the second stage
conversion. Through two-stage conversions, the light beam width was converted to 0.16 pm. The transmis-
sion efficiency and conversion ratio reached to 94.6% and 14.875 respectively in theory.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photonic crystals (PCs), a kind of dielectric structures whose dielec-
tric constant varies periodically in space, have attracted extensive inter-
est in recent decades because of their unique ability on controlling the
flow of light. By introducing line defect into PCs, it is possible to build
photonic crystals waveguides (PCWG) that can support certain propa-
gating waveguide modes [1-4]. We can also construct resonators that
can localize photons in ultra small volume through introducing point
defect [5-7]. On the basis of the efficient PCWG and PCs resonators,
some PCs devices such as PCs all-optical switches [8,9], PCs couplers
[10-12] and PCs filters [13,14] are realized.

PCs are envisaged as main candidates to implement the future in-
tegrated photonic/optical circuit because of the compact structure
and appealing optical functionalities. In constructing the integrated
photonic/optical circuit, the compression and nanofocusing of light
beam that can achieve highly efficient coupling between photonic
guided-wave devices with different cross-sectional dimensions are
indispensable. The key parameters to access the spot-size conversion
and nanofocusing are the transmission efficiency, the conversion ratio
and the spot size. The conventional sopt-size converter (SSC) [15-19]
on the taper structure such as the taper fiber or taper waveguide
[20-22]. Then, the taper structure based SSC suffers serious radiation
loss and mode mismatching owing to the change of the width [23]. To
restrain the loss, the taper structure is usually designed with small
taper angle, which incurs large volume consequently. Some solutions
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such as introducing the parabolic lens [24] and telescope optical sys-
tem [23] were proposed. However, the introducing of optical compo-
nents will lead to complicated structure and enlarge the volume.
Moreover, these optical components such as parabolic lens are limit-
ed by the diffraction of light in the scale of submicron. Thus, an ap-
proach that can realize the efficient conversion of the spot-size and
nanofocusing of the lightwaves beam in submicron scale with com-
pact structure and small volume is an issue of crucial importance in
constructing the photonic/optical circuit.

In this paper, the proposed SSC is based on the coupling between PCs
and nanowire waveguide (NWG). Compared with the conventional SSC,
the NWG based SSC relies on the efficient coupling among PCWG, PCs res-
onator and the NWG, which avoids the use of the taper structure. There-
fore, the NWG based SSC is more compact and smaller. Additionally, the
PCs and NWG are popular components in the integrated photonic/optical
circuit, which exhibits excellent compatibility. The NWG based SSC is
composed of the incident waveguide (W5 PCWG), the pre-conversion
part, the second stage conversion part and the output waveguide (silicon
NWG). Through integrating the above components, a highly compact and
efficient approach is achieved. The pre-conversion relies on the efficient
coupling between PCWGs and the high-Q PCs resonators, which is widely
studied [12,25,26] owing to its profound impact on the integrated optics.
For the pre-conversion, lightwaves are coupled into W1 PCWG from the
incident waveguide (W5 PCWG) via the high-Q (quality factor) PCs reso-
nator. Lightwaves are compressed because the light experiences wave-
guides with different cross-sectional dimensions. The second stage
conversion relies on the coupling between W1 PCWG and NWG whose
large index provides tight optical confinement for low-order modes
[27-29]. Besides the conversion of the spot-size, SSC also realizes the effi-
cient coupling between PCs devices and NWG, which provides an
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approach to access the integration of PCs devices and conventional optical
components such as the gratings and the lenses. Because the light wave is
reversible, SSC can also achieve the propagation from the NWG to PCs de-
vices and realize the expansion of the incident beam. In comparison with
the taper structure, SSC shows the following advantages: high conversion
ratio, high transmission efficiency, compact structure, monolithic integra-
tion and much smaller volume.

2. Pre-conversion

As shown in Fig. 1, the pre-conversion of SSC is composed of the
incident waveguide, the high-Q PCs resonator and the output wave-
guide. Through the high-Q resonator, lightwaves are coupled into
the output waveguide with cross-sectional dimension smaller than
that of the incident waveguide. The amplitude of the selected wave
is denoted by a. The amplitudes of the incoming or outgoing waves
for the resonator are denoted byS;S_1,51,S'_ respectively. The
squared magnitude of the amplitude is equal to the energy in the
mode. According to the coupling theory [12,20,21,24], the time evolu-
tion of the resonator is described as:

da . W, w0> o, [©Og <  jo, [Og
= (jog— 22— 2 — a+e 228 e [0S, 1
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Where @y is the resonant frequency of the resonators, Qq is the Q
factor of the resonator due to intrinsic loss of the cavities. Q, and Q,
are the Q factors related to the rates of decay into the incident wave-
guide and the output waveguide respectively.

At the resonance frequency, the transmission efficiency of the SSC
can be written as:
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It can be found from Eq. (3) that the transmission efficiency is sensi-
tive to Qg, Qp and Q.

As shown in Fig. 2, the transmission efficiency of the pre-
conversion declines as increasing Q, and Q. In addition, a large Q,
is advantageous to realize the high transmission efficiency. When
the quality factor for the rate decay into output waveguide (Q,) is
much larger than that for the rate decay into the incident waveguide
(Qq) and the intrinsic loss (Qp), lightwaves are coupled into the out-
put waveguide efficiently.

Fig. 3(a) shows the structure schematic of the pre-conversion. We
consider two-dimensional PCs composed of square array silica rods in
air with a lattice constant p=510 nm. The radius of the rods is
r=0.2p. Calculated through plan wave expansion method (PWE), it
is found the transverse magnetic(TM) photonic band gap of the PCs
extends from 0.29 to 0.42. A point defect consisting of a rod with a
radius smaller than that of the surroundings is introduced to

Incident waveguide

W1 PCs waveguide

S_1 e —

Fig. 1. The schematic of the pre-conversion. The pre-conversion of the SSC relies on the
efficient coupling between PCWG and PCs high-Q resonator.

construct the high-Q micro-cavity, where the radius of the point de-
fect r,=0.1p. Line defects with radius of r;=0.1p are introduced to
construct the incident waveguide (W5 PCWG). The other PCWGs
such as the W1, W3 and W7 PCWG and so on can be used as the inci-
dent waveguide according the requirement too. Particularly, when
the W1 PCWG is used as the incident waveguide, the SSC connect
the W1 PCWG and the NWG together, and the SSC is served as an ef-
ficient coupling structure between the PCs and the NWG. The selec-
tion of the W5 PCWG can enhance the compatibility of the SSC,
because that the width of the W5 PCWG used in communication
waveband is typically in several micros, which is close to the width
of the conventional optical devices, such as the optical waveguide.
Additionally, if the wider PCWG was selected, the SSC can be utilized
as the incident terminal of the other device to connect the light
source and the other functional device. The wider incident width
can reduce the requirement of the pro-focusing and collimation. The
selected wavelength is 1550 nm. The relevant structure parameters
were realistically estimated for structures fabricated in silicon-on-
insulator (SOI) to construct PCs slab. The simulation was performed
using finite difference time domain method (FDTD) method with per-
fectly matched layer (PML) absorbing boundary condition. To investi-
gate the transmission characteristics of the pre-conversion, we
introduce two monitors to record the intensity of the output beam
and the reflection loss, as shown in Fig. 3(a). The pre-conversion is ex-
cited with Gaussian wave. We located the source inside the structure
because that the input coupling issue is kept outside of the scope of
the paper.

As revealed in Fig. 2, to achieve the efficient coupling, we need to
restrain Qp and Q,, while enhance the rate decay into output wave-
guide (Qy). For appropriately designed resonators and large enough
surrounding photonic crystal materials, the intrinsic loss of the cavity
is attributed to the reflection loss at the interface between the interior
and exterior of the cavity [12,30,31]. For the 2D PCs resonators, the in-
trinsic loss mainly comes from the vertical loss of the lightwaves. One
of the best approaches to resolving this problem is the PCs slab [32],
in which the lightwaves are confined by total internal reflection. De-
veloping from the PCs slab, the heterogeneous nanowire arrays with a
smaller refractive index for the lower section of the wire [32] was
theoretically demonstrated more efficient on restraining the vertical
loss of the PCs resonator. Therefore, for the 2D rods resonator based
PCs devices, the intrinsic loss can be controlled through designing the
structure on the PCs slab or with heterogeneous structure. Q, and Q,
can be modulated through optimizing the radii of the rods located be-
tween resonator and incident waveguide/output waveguide (r; and r5)
that influence the rate decay into the incident and output waveguide re-
spectively. Fig. 3(b) reveals the normalized transmission efficiency of the
SSC as a function of r;. The normalized intensity of output beam reaches
the peak and the value of the reflection loss is relatively low at the point
of r; =0.04 um. Likewise, Fig. 3(c) reveals the curves of the normalized
intensity of the output beam and the reflection loss as a function of
ri.when ry=0.04 ym and r,=0.06 um, the pre-conversion shows a
high coupling efficiency.

3. Second stage conversion

The second stage conversion relies on the efficient coupling between
the PCWG and the NWG. Combining the two-stage conversions together,
the width of lightwaves in z direction can be converted to the submicron-
scale. Fig. 4(a) reveals the 3D schematic of the SSC. A silicon NWG with
length of | and width of w is embedded into the W1 PCWG. The interval
between the point defect of the resonator and the NWG is denoted by d.
Similar to the analysis of the pre-conversion, two monitors are intro-
duced to record the intensity of output beam and reflection loss.
Fig. 4(b) reveals the relationship of the transmission efficiency vs. the
distance d. At the point of d =1.05 pm, the normalized intensity of the
output beam reaches the peak. Fig. 4(c) gives the FWHM of the output
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Fig. 2. The transmission efficiency of the pre-conversion as a function of Qg Qp and Qo. The minimum and maximum ranges of the transmission efficiency plots are indicated as blue

and green colors.

beam as a function of the width of the NWG when d = 1.05 pm. When
w=0.10 pm, the output beam is compressed to the minimum FWHM
(about 0.147 um). Fig. 4(d) shows the curves of the transmission effi-
ciency as a function of the width of the NWG when d = 1.05 pm. Four
peaks are found when the width of the NWG are 0.085 pum, 0.14 um,
0.18 um and 0.195 pm, which give us several choices for the width of
the output beam. Herein, considering the FWHM of the output beam
and the transmission efficiency, we select the NWG with width of

0.14 um. Fig. 4(e) shows the transmission efficiency as a function of the
length of the NWG. The transmission efficiency exhibits eight peaks
when the length of the NWG is 0.73 pm,1.02 pm,1.46 pm,1.75 um,
2.04 um,2.4 um,2.75 um and 3.06 pm, the coupling system exhibits a
high transmission efficiency (all above 90%). However, if the length of
the NWG is larger than six times of the lattice period, the transmission
efficiency keeps constant (about 70%). The eight peaks of the transmis-
sion efficiency give us widely selection of the length of the NWG.

(3)00000000 N N N N
N N N N N N N | IEN N N N J
N N N N N N N | ENE KK
. geeo ¢ ® I point defect
e o 0o 0 0 e P 00O
e o 0 0 0 N
Monitor e o o o o]0 @ Monitor
e o 0o 0 0 N ]
g e o 0o 0 0 N ]
UCC"g o000 00000EQ
L N N N
(N N N ]
(N N N ]
r : - r 0.8 T T T T T T
1.0} b - —a— Reflection loss E L
( ) ®{—s— Output beam 07k J
08} \ 1 o.e. 4
2 >t
2 =
& . d05 1
B 2| i
o N
T 041 1 Sos .
£ !
= ! =02 4
0z} \ i 3
m-w\A 0.1 J
- -\_, 0990 P i | ¥ & /. 1 ! L L 1 i 1

0.0
000 005 0140 045 020 025 0.30
r,(nm)

0.0
000 0.5 0.10 015 020 0.25 0.30

ry(um)

Fig. 3. The structure schematic and transmission characteristic of the pre-conversion. (a) The structure schematic of the pre-conversion. The radii of the rods located between the
micro-cavity and the incident/output waveguide (r; and ;) are optimized. (b) The normalized intensities of the output beam and reflection loss as a function of r;. (c) The normalized
intensities of the reflection loss and output beam as a function of r,. The green and blue lines denote the normalized intensity of the output beam and reflection loss respectively.
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Fig. 4. The schematic and the transmission characteristics of SSC calculated by the FDTD method. (a) 3D schematic of SSC. Inset: the 2D schematic of the second stage conversion.
(b) The normalized intensity of the reflection loss and the output beam as a function of the distance between the point defect of the resonator and the NWG. (c) The FWHM vs. the
width of the NWG. (d) The transmission efficiency as a function of the width of the NWG. (e) The transmission efficiency as a function of the length of the NWG.

Among the eight peaks, when [=6p=3.06 um, the SSC exhibits the
highest transmission (94.6%). Therefore, we chose the NWG with length
of 3.06 um as the output waveguide. The other peaks can also be selected,
which can provide the transmission efficiency above 90%.

Fig. 5(a) shows the field pattern of the system. The minimum and
maximum ranges of the e-filed plots are indicated as blue and red
colors. Through the compressing of two-stage conversions, the
submicron-scale compression and nanofocusing are achieved. The re-
flection loss is relatively low and the power is concentrated into the

NWG. The power density in the NWG is much higher than that of
the incident waveguide. To investigate the compression ratio, we
show the power distribution of the output beam in Fig. 5(b). The
brown, green, red and blue lines denote the power distribution of in-
cident beam, the beam after the pre-conversion, reflection loss and
output beam respectively. Compared to the incident beam, the
beam widths compressed by pre-conversion and that of the output
beam are much smaller. The curve of the output beam shows a
large height to width ratio. In contrast, the reflection loss is extremely
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Fig. 5. Fig. 5. The transmission characteristics of the SSC. (a) The field pattern of the SSC.
(b) The power distribution in z direction. The brown, green, red and blue lines denote
the power distribution of incident beam, the SSC by pre-conversion, reflection loss and
output beam respectively.

low. The FWHM of incident beam, pre-converted beam and output
beam are 2.38 um, 0.6 um and 0.16 pm respectively. Defined compres-
sion ratio as:

="/,

Where W; and W, are the FWHM of the incident beam and output
beam respectively. We gain the compression ratio of the pre-conversion
is 3.97 and the total compression ratio of the SSC is 14.875.

Through two-stage beam conversions, the lightwaves is concentrat-
ed into the NWG. Thus, the high power density in the NWG is achieved.

4. Conclusions

Photonic crystal SSC was designed. Through the efficient coupling of
the PCWG and the NWG, lightwaves were compressed to sub-micron
scale. The coupling efficiency of pre-conversion was determined by
Qo, Qg and Qy, which can be modulated through optimizing the radii
of the rods located surrounding the resonator (r; and ;). When
r1 =0.04 pm and r, = 0.06 um, the pre-conversion provides high trans-
mission efficiency. Silicon NWG was embedded into the PCWG to con-
struct the second stage conversion. Considering the transmission
efficiency and the compression ratio, the width of NWG was set to
0.14 um, and the interval between the NWG was set to 1.05 pum. Calcu-
lated with FDTD, the light beam was compressed to 0.16 um. The trans-
mission efficiency and the compression ratio reached to 94.6% and
14.875 respectively. SSC achieves high transmission efficiency and com-
pression ratio with small volume and compact structure, which pro-
vides a practical implement for the photonic/optical circuits.
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