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Abstract
In the research of photonic crystal, photonic crystal waveguide bending loss is
always a big problem. There are many studies to improve it. Lots of methods are
proposed to improve the bending loss, but usually in special angle like 60° or 120°.

The research of arbitrary waveguide bending loss is rarity.

In the thesis, we combine the concepts of circular photonic crystal and annular
bragg reflector to design a arbitrary waveguide bend, and optimizing the waveguide
width achieve low loss and with broad bandwidth at communication wavelength. We
also using 2D FDTD simulate our structure in possession of the same high
transmission band at 60°~120°. The device has fabricated, and measures it by direct

and indirect method.
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Chapter 1. Introduction

1.1. Introduction to photonic crystal

In 1987, Yablonovitch has produced the structure of photonic crystal [1-3]. In a
word, the structure of photonic crystal is to arrange the dielectric in a periodically, so
that part of the light will not transmit after multiple scattering in the periodical
structure. By using this method we can confine the light in some region we want.
We call this photonic bandgap (PBG). At first Yablonovitch wanted to improve the
spontaneous emission loss from laser, he thought using photonic bandgap around
atoms and decreasing the loss from laser. Then, the research of photonic crystal grew
quickly and had become close to our lives. Now, photonic crystal has been used in
many areas, like photonic crystal LEE,fplrotomq e;’ystal fiber...etc. The diagrams of

.I

the 1D, 2D and 3D’s are 1llustrated 1m Flgd ll [3]* ‘.ﬁ

periodic in periodic in periodic in
one direction two directions three directions

Fig.1.1 Simple examples of one-dimension, two-dimension, three-dimension photonic

crystals, where different colors represent different dielectric constant of material [3]

First, one dimension photonic crystal is using different materials stacked up layer

by layer, so it can enhance transmission or reflection of certain band of light

S1-



wavelength and it is used generally in our lives [4-5], for example, multi-films of
glasses, which can enhance the transmission of visible light and reflection of

ultraviolet to protect our eyes, reflection mirror in semiconductor laser...etc

Then, two kinds of materials arrayed periodically in two dimensions are called
“two dimension photonic crystal”. In fact, the structure of a 2D photonic crystal is
divided as hole in dielectric and rod in air. The patterns of array include mainly
rectangular and triangular (Fig 1.2) [3]. The other patterns are quasi and circular ones.
In general, the structure of the hole in dielectric is generally arranged in the triangular
pattern to obtain large bandgap for TE mode, and the rod in air is in the rectangular

pattern to obtain large bandgap for TM mode ‘which is shown in Fig 1.3 [3]. So in

ﬁ-\._'\-' & .,.!

in-plane direction we can conﬁnq-:I;fght lsfyTB@ _Moreover we usually use index

(a) (b)

Fig.1.2 (a) rectangular lattice with rod in air structure (b) triangular lattice with hole in

dielectric structure [3]
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Finally, the 3D photonic crystal is with a complete bandgap (both TE and TM
mode). But the fabrication and simulation of 3D photonic crystal is more complex
than 2D or 1D photonic crystal. In general, fabrication in 3D photonic crystal is piled
as nano-rod or nanometer ball. However, to create a cavity or waveguide on photonic

crystal is easier in 2D photonic crystal; so most studies are in the 2D area.

1.2. Photonic Crystal Waveguide and Bend
In the previous section, we introduce the characteristic of PBG of photonic

crystal. Parallel to semiconductor, making defect can create defect mode in photonic

-3-



crystal. In photonic crystal, a waveguide can be created by a line defect; we call it
“photonic crystal waveguide” which was first fabricated by J.D. Joannopoulos in
1988 [6]. Figl.4 shows a single line defect waveguide and its propagation mode
(defect mode). The researches of photonic crystal waveguides are very extensive; the
topics include many developments such like photonic crystal waveguide bend[7-13],
coupling properties of photonic crystal waveguide[14-17], power-splitter photonic
crystal[ 18], photonic hetero- structure waveguide[19-21]...etc. Because of PBG,
photonic crystal waveguide can confine light better than traditional index guiding

waveguide.
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Fig.1.4 photonic crystal waveguide by removing a row of holes and its propagation

mode

Photonic crystal waveguide formed by line defects in 2D photonic crystal
consisting of air holes of triangular lattice in dielectric slabs are more commonly
fabrication, but high transmissions (over 90%) through direct sharp bends can only be
achieved for light waves in a frequency range limited to 9% of the central frequency
[15]. Consequently, studies have been focused on optimizing the bend structures to
improve the transmissions. Prominent solutions include moving a unit cell of the

bends (Fig.1.5 (a)) [7], using defects to make the bends single mode (Fig.1.5 (b)) [8],
-4 -



incorporating taper structures into the bends (Fig.1.5 (¢)) [9], and making elaborate
topology optimizations on the 60° and 120° bends (Fig.1.5(d)(e)) [10]. However, in
most of the previous works, high transmissions were obtained at the expense of
shortness or sharpness of the bends. At present, topology is used to optimize the bend
loss expensively. Figl.6 shows 60° and 120° bends with topology optimization which
published on Optical Letter in 2007. In this paper, high transmission (over 90%)

bandwidth is 101nm and 74nm for 60° and 120° respectively [11].

SO OO0
Co000CC0000C0000
JODDDDODDEDG(%??E
B.D@yd i
I 000!
Il Ul 00!
300050080 2G00!
D0000CCH Dﬂ&DODC
J000C 0000000 o 00!
200000000008 e 00
300000000000 u v !
300000000000
200000000
D0000CCO00000 <~

5
-

- we e
T—=2000m A—43 i

(d) (e)

Fig.1.5 (a) moving a unit cell of the bends[7] (b) using defects to make the bends
single mode [8] (c¢) incorporating taper structures into the bends[9] (d) (¢) making

elaborate topology optimizations on the 60° and 120° bends[10]
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of the other angle have not be res¢a d as mu ch

.....

L}
2005, H.Miyazaki group using 5-fold symmetrlcal circular photonic crystal presented

72° waveguide bending with rod in air rectangular lattice structure for microwave
[12]. The lattice position in x-y plane is given by Eq.1 and the figure show in Fig.1.7.
In the same year, Sanshui Xiao group studied transmission properties for waveguide
bends by use of a circular photonic crystal with hole in dielectric triangular lattice
structure [13]. The result shows the high transmission bandwidth relates to the

curvature of circular photonic crystal as shown in Fig.1.8.

2mrx 2mrx
x =dN sin ,V=dN cos ...Eq.1
( 6N ),y ( 6N) q

d=\/§ a/2, N, d, and m denote the number of concentric circles, the difference of radii

of neighboring concentric circles and the number of air holes (0<m<6N),respectively
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Fig.1.8 transmission properties for waveguide bends by use of a circular photonic

crystal with hole in dielectric triangular lattice structure

Because

We can find less and less high transmission band width as N increases.

is it that the outer layer of circular photonic crystal looks like rectangular lattice

structure. We have known that hole in dielectric structure is with narrow bandgap

when lattice structure is rectangular. Althogh circular photonic crystal has been

acheievd waveguide bend in the other angle, it has still some problems. One is poor

bandgap, the other is not really arbitrary.



1.4. Annular bragg reflection

In last section, we introduce circular photonic crystal. Because it’s poor bandgap,
we can’t use it to take as not waveguide bend but ring cavity. In the reasearch of ring
cavity, light confinement of annular bragg reflection is better than circular photonic
crystal [22, 23]. The design is shown in Fig.1.9 [22]. Generally speaking, annular
bragg reflection is dielectric arrangement in radial direction. Although light
confinement of annular bragg reflection is better than circular photonic crystal, we
can’t fabricate it on membrane structure. However, if we use this structure to replace
circular photonic crystal in waveguide bend region. We can really achieve arbitrary

waveguide bend.

(a)

\

External R Internal
Gratings Defect Gratings <
o

Fig.1.9 (a) Schematic of an annular bragg reflection (b) SEM image of an

annular bragg reflection

1.5. Motivation

In photonic crystal research area, most research focus on 60° and 120° waveguide
bend. Arbitrary angle waveguide bending hasn’t been realized, and circular photonic
crystal has bad transmission properties when be used in waveguide bending. In order
to realize the photonic integrated circuit, waveguide bends play an important role. If
broad bandwidth arbitrary bending be achieved, it is helpful to realize photonic
integrated circuit. We will combine circular photonic crystal and annular bragg
reflector to realize high transmission(less than 3dB) for arbitrary angle waveguide

-8-



bending with over 100nm bandwidth, and optimize its structure letting the center of

bandwidth at communication wavelength .




Chapter 2. Simulation

2.1. The numerical methods used in photonic crystal simulation

In this section, we introduce the theory of numerical methods used in photonic
crystal simulation. We begin with the Maxwell equations, which are basic equation
for light propagating in the free space and media. Then, we will introduce plane wave
expansion (PWE) and finite difference time domain (FDTD), the two important

numerical methods in photonic crystal.

VeD=4np
VeB=0

1 0B
Vxb=-—"—" ...Eq.2
vxpg-LoD 4z,

cot ¢

At first, light propagating will obey the Maxwell equation as show above in Eq.2,
where E, H, D and B represent the electric field, magnetic field, displacement field
and magnetic flux density corresponsively, and c is light speed in vacuum. The

definitions of D and H are:

D=e(r)E+P
H = B — M ---Ea3
H(7)

where P is polarization vector(C/m?), and M is magnetization vector (A/m%).In general,
¢ and p are the function of location and cannot be removed outside of the \/ operator.
Now if we only consider the dielectric and nonmagnetic medium, then p is
independent of space and is a constant equal to 4nx10” and M is equal to 0. The form
of D field is more complex because the polarization vector is not only the function of

space but also the function of E field. The formula D is:

-10 -



P)=y"E@)+ yPE*(0) + OB (1) +...
D, =%¢,E, +3ky,E E, +O(E’) ..Eq4
J : : J -

The ~ above P and E represents they are scalar fields. However, we usually assume
the intensity of excitation light is smaller enough so that the nonlinearity can be
ignored. If we further assume that the material is isotropic and homogeneous in all

space, the D field can be simply reduced to the form:

D(r)=¢&,e,(r)E(r) . gqs

Then we put Eq.5 in Eq.2 to replace the D field and do some curl operation and

substitution, we can get the wave equation in source free region:

L v« [wsie)) - a)—jE(F)
C

GEE(F) ==

e\r

A W’ - ...Eq.6
V x H(F)} = 2_H(F)
C

©,H(F)=Vx {

e(r
Eq.6 is the eigenvalue problems. Both @ and @y are Hermitian operators, so the

eigenvalue ®”/c? and eigenvectors E(7) and H(F) are real number and can be

solved by numerical method.

Then, we introduce a method to calculate the band diagram for photonic crystal.
It is named “Plane Wave Expansion” (PWE). This method is similar to the way to deal
with the behavior of an electron (Kronig-Penney Model) in the periodic potential in

solid-state physics. The periodic potential U(r) can be expressed as a complex fourier

series (Eq.7) by using the reciprocal lattice vector (é) where U(r) is the periodic

potential. Similarly, the wave function of electron yi(r) in periodic potential can also
be expanded by the plane waves which belong to complete set of Schrodinger

- 11 -



equation (Eq.7).

U(r)= guGe"@”é

iy ---EQ.7
0. (r) =ZCk-G)e T

For the same reason, periodic dielectric distribution can also be expanded by
reciprocal lattice vector (Eq.8) and the wave function of photon in periodic dielectric
distribution can also be expanded by the plane waves which belong to the complete
set of wave equation (Eq.8).

8(7’) — %gGeiéoR

A --BQ.8
V) =EM (k=GO

Finally, we substitute the equationrEq.8 into Eq:6; we will get new wave equation:

(k+G)e(k+G)YxEj=—a’ Y666 Ec1aEq.9

This equation can be expressed as a matrix form and the dispersion relation can be
solved. The wavevector k is arbitrary, but can be replaced by k in the first Brillouin

zone which is due to the translational symmetry inhered in photonic crystal. Therefore,

we can limit our calculation in the first Brillouin zone. The g, ;. is the Fourier

coefficient of &(r) ande&™'(r), which is concerned with G—G’. All band diagrams of

photonic crystal in this paper are calculated by this method. At first, we should define
a supercell which is similar to the unit cell in solid crystal. The supercell of this band
diagram is shown in Fig.2.1 (a). It should be kept in mind that the configuration of
photonic crystal can always be expanded by the defined supercell. Fig. 2.1(b) is a

typical TE band diagram for triangular lattice photonic crystal calculated by PWE

-12 -
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Fig.2.1 (a) The supercell used in the simulation (b) The TM band diagram of

triangular lattice photonic crystal with r=0.33a

Finally, we introduce finite-difference time-domain (FDTD) which is the method
we used to calculate transmission spectrum of waveguide bend. Defect engineering is
an important issue in designing-the photonic erystal devices. However, although PWE
method is applicable in calculating “band-structure, it cannot provide the time
dependent behavior of light. As ‘a tesult, the better way is to directly solve the

Maxwell equation.

Maxwell equations are vector differential equations, but computers can only
execute scalar addition or subtraction operations. Therefore, we should transform
Maxwell equations into six scalar differential equations. FDTD Method is developed

according to this ideal.

The six scalar differential equations for each field component of Faraday’s law
and Ampere’s law are given by Eq.10, where s and ¢ donate the magnetic loss and

conductivity.
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In general case, distribution of refractive index is not uniform and may be
dependent on the positions. Hencej in order to describe the distribution of refractive
index in detail, all space are divided.into many ideal grids, and each grid will be given

one refractive index which is the avetage index.for each grid.

The widely used grid form adopted in the FDTD is Yee cell as shown in Fig.2.2.
In Yee cell, the electric fields are arranged on the edges of the cube, and the magnetic
fields are centered on the facet, which is due to face that electric fields updated are

induced midway during each time step between successive magnetic fields, and vice

versa.

(i, LEk+1)
Gi+1.5k+1y =

(i, j+1,k)
(i+1.5.k)

Fig2.2 The scheme of Yee cell
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The index 1, j, and k mark the positions of grid points in Cartesian coordinates.

Therefore, the function of electric and magnetic field at the ng, time step can be
expressed as F'(iAx, jAx,kAx,nAt) = F"(x;,x;,x,) , where Ax is the increment of
length and At is the increment of time step. The partial differential of six field

components can be given as follow:

8Fn(xi’xj’xk)_Fn(xi+1/2’xj7xk)_Fn(xi—l/2’xj7xk)

Oox, Ax
8Fn(xi’xj9xk):Fn(xiﬂxj+l/2’xk)_Fn(xi’xj—1/2’xk)

ox Ax

/ ...Eq.11

G‘F"(xl.,xj,xk):F"(xl.,xj,xkﬂ/z)—F"(xi,xj,xk_l/z)

ox, Ax
OF"(x;,x,,x,) F"(x;,x;,x, )= F"x, % %,)

ot - At

Furthermore, we substitute-Eq.11 into Eq.10 and the six field components

n+1/2 n+1/2 n+1/2 n+1/2 n+1/2 nklL2 :
ECET L ET T H L H T H at'the n+1/2 time step can be expressed

with the field at the ng, time step. The detail mathematical expression can be found in
reference 16. The distribution of whole electromagnetic wave can finally be obtained.
Although this method can provided highly accurate results, it costs lots of
computational resources. Hence, powerful parallel computation such as cluster is

needed.

2.2. Annular bragg reflector bend

In chapter 1.4, we propose replacing circular photonic crystal in waveguide bend
region to achieve arbitrary waveguide bend, like Fig.2.3 (a). The annular bragg
reflection is dielectric arrangement in radial direction to become a omni-directional
DBR. The considered PC structure is a dielectric slab with air holes of triangular
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lattice. The thickness /4 of the slab and the radius 7 of the air holes are ~=220nm and
r=0.35a, respectively, where a is lattice constant. For operating at 1550nm, a is
specified as a=510nm. Then, we create a line defect to be photonic crystal waveguide.
To make the waveguide is single mode and even mode; we focus on 1400nm~1650nm.
In the bend region, the width of air (Wa) and dielectric (Wd) in the bend region are
330nm and 112nm(see Fig.2.3(b)). It is not the design of DBR (A/4), because we want

to make the bend region to match the photonic crystal (period of annular reflection is

the same as %period of photonic crystal). We use 2D FDTD simulate the

transmission spectrum when annular bragg reflector bend in 120° and refractive index
set to 2.7. Before simulating transmission spectrum, we want to know the bandgap of

annular bragg reflection of our design and also simulate it by FDTD. How we

simulate bandgap by FDTD? We'.-pilrlt. an iilnpulse source in blue circle and time
- Ii 5 L ._

monitor (green bar) at out of anﬁﬁlar braggjrréfllﬂect-ion"'l(see Fig.2.4(a)). After

P

simulation we can get a spectmrﬁ_Fig:.z;A(b)'.‘

(a) (b)

Fig.2.3 (a) The 120° waveguide bend (b) two parameter of annular bragg reflection

region
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Fig.2.4 (a)the configuration of FDTD simulation (b) the spectrum of FDTD

S e
06 08 10 12 14 16 18 20 22 24
Wavelength (um)

simulation
In this thesis, we define bandgap when intensity less 20dB. So the bandgap of

annular bragg reflection is from ‘IOOOnm to 1800nfri (Fig.2.9 (b) yellow region). It

overlaps the propagation waveléngth which we want. jIWe make sure the annular bragg

reflection possessing bandgap which c!ahfconﬁne li’ght. in bend region. Then we
simulate the transmission spectmm‘ of the structufé which shows in Fig.2.5 (a) and the
result show in Fig 2.7. We can find this structure possessing good transmission and
broad bandwidth. We can achieve arbitrary waveguide bend by modulating the angle
of annular bragg reflection, but this structure can’t be fabricated on membrane
structure. Because the width of dielectric layer (Wd) is too thin to hold in fabrication
process. We try to modulate this structure to let it be fabricated on membrane

structure.
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Fig.2.5 transmission spectrum of annular bragg reflection bend

2.3. Sector-shaped lattice cell

In last section, we find a problem in annular bragg reflection bend. So we try to
modulate the annular bragg reflection and make it can be fabricated on membrane
structure. We consider combining circulat, photonic crystal and annular bragg
reflection. We divide the trench into several paits. The generic structure is shown in
Fig.2.8. The arrangement of the-sector defines the type of the reflector. Specifically,
we focus on three different types-of structures:-the rectangular lattice (Fig. 2.6(a)), the
triangular lattice (Fig. 2.6(b)) and the “sunflower” lattice (Fig. 2.6(c)) [16]. The
rectangular lattice structure is a cylindrical counterpart of the rectangular photonic
crystal in Cartesian coordinates. Each “necklace” consists of identical number of
sector and the angular length of the sector increases for larger radii. The sectors in the
triangular lattice structure are arranged in a similar way but with a half period shift in
the azimuthal direction. The sunflower lattice structure comprises sectors of the same
angular size where the number of sectors in each concentric ring is proportional to the
circumference of the ring [24]. In this paper, the type we choose and discussion is
sunflower structure. Because is it the size of sector of this structure is similar to each

other. It is convenient to our fabrication.

- 18 -



(a) (b) (©)

Fig.2.6 (a) rectangular structure (b) triangular structure (c) sunflower structure

So we combine circular photonic crystal and annular bragg reflection to let it like
the flower structure. The illustration is shown in Fig.2.7 (a) and we define some
parameter of flower structure (Fig 2.7(b) and (c)). In our design, Op,0w,0i and Wa are

equal to 510nm, 357nm, 255nm and 330nm respectively. At first, we also use FDTD

k! :'J':F-i'l‘,-‘l-': )

i,

- -
to simulate the bandgap of our str&@?u’r’e orf be

Eﬁgjljon The result show in Fig2.8.The

N _7\-_

SATN .
v | .-"";”'}-"" - |:..;|

L X 1 o

i ol

yellow region is the bandgap ofﬁirm

Fen

o309 Se0¢
0% %%
0% °® %%
oge :o::
:'. aty

Fig.2.7 (a) the illustration of bent waveguide of reflector composed by sector and

some parameter (b) some parameters definition
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Fig.2.8the photonic bandgap of our structure of bend region

The bandgap of our structure of bend region is from 1400nm to 1820nm.
Although the bandgap is narrower.than annular bragg reflection, it still overlap the
wavelength which we want. Then we simulate-the transmission spectrum of the
sector- shaped lattice cell bend. The resultis.shown in Fig.2.9. We can find two low
transmission dips. If we solve low transmission tegion, high transmission bandwidth
is about 300nm. To study reason of low transmission, we simulate resonant spectrum
in bend region. The result show that two resonance peak exist at 1406nm and 1498nm,
and compare with low transmission dips (Fig.2.10). We can find the space of low
transmission dips and resonance peaks are match. So we can conclude that low

transmission peak is due to resonance.
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Fig.2.9 transmission spectrum of sector-shaped lattice cell waveguide bends
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Fig.2.10 (a) space width of low transmission peak (b) space between two resonance

peaks

Next, we want to solve resonance effect in bent waveguide region. After seeing
the resonance profile (Fig.2.11), we find the resonance profile looking like odd mode.
To solve the problem of resonance, we can make some defect in bend region to
destroy the resonance, but it also influence the transmission of waveguide bend. So
we try to decrease bent waveguide width to make even mode blue shift. Because is
there still a high transmission bandwidth from 1481nm to 1685 nm. If we move it to

the wavelength which we want, it can still use in waveguide bend.
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(a) (b)

Fig.2.11 resonance profile at (a) 1406nm (b) 1498nm

2.4. Modulate sector-shaped lattice cell and bend angle from 60° to

120°
In order to move transmission:bandwi ' .. he wavelength which we want, we
shift the green region of Fig.2.15 : width of waveguide 75nm. Now
the waveguide width in bend ré : i . Then we simulate the
transmission spectrum of it. The re i - Fig.2.12 (a). High transmission

region is from 1424nm to 1641nm and bandwidth is equal to 217nm. It is clear that
the bandgap is moving to the bandwidth which we want and we can observe from the
plots in Fig.2.12 (a) that the power level at the output (blue) is almost the same as that

at the input (green) of the waveguide bend.
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Fig.2.12 (a) transmission spectrum when the width of waveguide bend region is equal
to 478nm (b) Field evolution (upper) and monitored powers (lower) in the

sector-shaped lattice cell waveguide bend, , . .
ﬂﬁ'ﬁg&ﬂﬁ’b

g e
o L,
We have designed a sector=s Hﬁb—eid;lta}ﬁ#@@lﬁé;ﬁchieve a broadband waveguide
a2 za*_lg?;h_“' _ ‘r'_ ,.!E
bend at 120°, but our goal is achk%e S aETry

i
Cr ¢

e a )
and make it bend at the other angle. ﬁfﬁ@. 13'show the 75° and 100° waveguide bend

,c-;h

by using sector-shaped lattice cell, and then we simulate the transmission spectrum
from 60° to 120°. The result is shown in Fig.2.14. We can find the bandwidth are
almost over 200nm when waveguide bend at 60° and 120°, but the spectra are

different when angles are different. So we make some issue of our structure.
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Fig.2.13 the schematic of waveguide bend at 75° and 100° by using sector-shaped
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Fig.2.14 transmission spectra when waveguide bend from 60° to 120°

2.5. Sector-shaped lattice issue

In last section, we find the transmission spectra are different when angles are
different. Obviously, our structure exist some different at different angle. In our
design, the phase of sector-shaped lattice cell at the interface of waveguide bend
region i is fixed, and the period of! sector-shai:)ed lattlce cell Op is fixed too. In the
end of the waveguide bend regioﬁ are di‘.ﬁjeirent at 'difff;rent angles, even if in the same

angle, like Fig.2.15. Moreover, the spectra—aice-d*fferent when the directions of

propagation are different, like Flg 2 16 s
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Fig.2.15 the same waveguide bend angle, the different structure in the end of

waveguide bend, the spectra are different
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Fig.2.16 the transmission spectra are different when the directions of propagation are

different in the same structure

Our design rule will make the different spéctruﬁi when the directions of
propagation are different, so out device is‘not reversilf;le. It can’t be used in photonic
integral circuit. Thus we optimiée our structure and make it is reversible. Because the
different spectra are causing by different structure at the input and output of
waveguide bend region, we want to fix it. For example, the outer layer of 120°
waveguide bend is consist of seventeen sectors. We take out two times of 6i to be the
phase of input and output, and then the remainder angle separate to seventeen sector
equally (Fig.2.17 (a)). Althoughfp will be changed after optimizing; it can provide
light confinement for our band. Moreover, the transmission spectrum is smoother

after optimizing (Fig.2.17 (b)).
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Fig.2.17 (a) optimize the structure of waveguide bend (b) transmission spectrum after

optimizing

Finally we can see the transmission spectra at 120°, 100° , 70° waveguide bend

and different propagation direction. It is shown in Fig.2.18. The transmission spectra

are almost the same in different arfgIe and tlh__e difféfent propagation direction

—
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Fig.2.18 waveguide bend at (a)120° (b) 100°(c) 70°(d) different propagation direction
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Chapter 3. Fabrication and Measurement

3.1. Fabrication processes of active and passive device on membrane
structure

Here, we will introduce the fabrication processes of InP-based and GaAs-based
membrane structure for active and passive device, respective. In chapter 2, we
demonstrate the different propagation direction causing different transmission
properties, and backward propagation before optimizing appears a high reflection
wavelength at 1470nm. In Z-type structure, this property can make light resonance
between two waveguide bend regions, even if lasing. In the other word, we can pump
light between two waveguide bend regions and the resonance wavelength can
propagate from the waveguide. It is‘also useful'in photonic integral circuit.
Furthermore, we also fabricate gur design'on GaAs-based device and observe the spot
light from output port to prove light can‘transmit in waveguide bend.

The structure of the InP-based ' wafer is shown in Fig.3.1. The epitaxial structure
is InGaAsP/InP multi-quantum wells (MQWSs). Four layer 10nm 0.85%
compressively-strained InGaAsP quantum wells and three layer 20nm unstrained
InGaAsP barrier layers will be alternatively grown on the InP substrate. The
photoluminescence (PL) spectrum of the MQWs is centered at the wavelength of
1550nm. The 60nm InP cap layer is used to protect MQWs from destruction during
dry etching processes.

The epitaxial structure of GaAs-based wafer is shown in Fig.3.2. The GaAs core
take as membrane and its thickness is 220nm to make single mode in the vertical

direction.
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PLspectrum
centered at
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Four 0.85% compressively-strained InGaAsP
220nm QWs (40nm) + three unstrained InGaAsP barrier
(60 nm)

Fig.3.1 The epitaxial structure of InGaAsP/InP MQWs wafer

Exist single mode
in vertical direction
220nm I GaAscore

>

2um AlGaAs cladding

GaAs substrate

Fig.3.2 The epitaxial structure of GaAs wafer

The fabrication processes of InP can be divided into seven steps as shown in
Fig.3.3. First, we use plasma-enhanced-chemical-vapor-deposition (PECVD) with
SiH4/NH3/N, mixture gas to deposit 140nm SiN which is served as the hard mask
layer. Second, 300nm Polymethylmethacrylate (PMMA) is spin-coated on the SiN
layer, and then JEOL 6500 electron-beam (E-Beam) lithography system is employed

to define the photonic crystal (PC) pattern. After defining the PC pattern, we use
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MIBK/IPA mixture solution to develop it. Third, PC pattern is transferred into the

hard mask, MQWs, InP substrate by a series of dry etching processes. We employ the

Inductively Coupled Plasma Reactive lon Etching dry (ICP/RIE) etching

system to do this process. Fourth, we use HCI/H,O mixture solution to undercut the

InP substrate at room temperature less than 4°C for 10 minutes depended on the

length of device and area of window. Some details of recipe for dry etching step are

listed in the Table 3
Step SiN etch PMMA remove InP etch
Gasl(sccm) 02 5 02 100 Cl2 215
Gas2(sccm) CHF3 50 H2 25
Gas3(sccm) CH4 35.5
ICP power(W) 1000
RF power(w) 150 200 85
Pressure(mT) 83 100 4
Temperature("C) 20 20 150
He(sccm) 10
Time 2' 20" 1'45"
Table 3
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300nm PMMA
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RIE dry etch:
transfer pattern
to SiN hard mask

‘ Remove PMMA
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ICP dry etch:
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‘ remove SiN

under cut:
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@

Fig. 3.3 the flow path of fabrication process for membrane structure of InP
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And then, the fabrication process of GaAs is similar to InP. Only replace InP etch
to GaAs etch and undercut process replace HCI/H,O mixture solution to H,PO3/ H,O

mixture solution. The detailed recipe is shown in Table 4

Step GaAs etch

Gasl(sccm) | Ar 25

Gas2(sccm) |SiCly 7

Gas3(sccm)

ICP power(W) 350

RF power(w) 40

Pressure(mT) 2

Temperature(‘C) 20

He(scecm)) 7

Time 1'50"

Table 4

3.2. CAD design and SEM picture

Before the fabrication process, we use CAD tool to layout our design pattern.
Fig.3.4 show the CAD design for active and passive device. In order to enhance the
ratio of undercut, the windows in pattern of active device are important. The size of
window is considered. If the window size is too large, ratio of undercut will be faster.
But the nearest hole of photonic crystal will enlarge due to proximity effect of E-beam
lithography. If the window size is too small, ratio of undercut will be slower, the time
for undercut will be longer and MQWs maybe destroy. Because of undercut of GaAs

is isotropic, we don’t need design windows in passive device.
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Fig.3.4 (a) CAD design for active device (b) the window design for CAD of active

device (c) CAD design for passive device (d) the bend region

Then, we will show the SEM of success device. Fig.3.5 and Fig.3.6 show active

and passive device, respectively.
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(a) (b)

(©) T ()

Fig.3.5 SEM image of active device (a) 50° (b) 80° (c) 90° (d) 120°

(a) (b)

Fig.3.6 SEM image of passive device (a) bend region (b) 120° Z-type
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3.3. Measurement system

In this section, we will introduce our measurement system. Because our devices

are fabricated on active and passive substrate, our measurement system divides to two

parts. Firstly, we introduce measurement system for active device. The illustration of

measurement system for active device is shown in Fig.3.7

845nm TTL FC fiber
laser
10um BS white light
(R 50% T50%) Sour;e

Sample\ ..............

mirror

OSA

20X objectlens

/ BS CD lens

3 axis stage (R50% T50%)

50X NIR object lens CCD

|

Fiber coupler

monitor

Fig.3.7 The configuration of active device measurement system
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The TTL 845nm laser with 0.5% duty cycle is served as an exciting source. The
laser beam accompanied with white light source pass through the 50/50 beam splitter,
half of laser beam will go into IR camera and form the image, the other one will be
focused on the sample by 50X objective lens. The emission has two directions. The
vertical emission passes through the 50X objective lens in opposite direction of input
laser beam, and directly goes into fiber coupler. The resonant spectrum is analyzed by

the optical spectrum analyzer (OSA).

Then, the measurement system for passive device is shown as Fig.3.8. The
tunable laser (HP 8168, wavelength from 1475nm~1590nm) pump laser and couple to
taper fiber. The taper fiber couple to our sample and observe by micro PL-1. Then
moving 2-axis stage let output port'to focus on micro PL-2. The output wavelength

and intensity are analyzed by OSA.

micro
PL-1 . 3 axis stage monitor
Visible CCD ’7 NIR CCD
Video zoom lens White light
source
50X objectlens \ /
D lens 20X0bjectlens
/
0 Q
Tunable laser )
: mirror
/| sample| / 22%'30??_ 50%)
Taperfiber;.f / ° ’ Fiber coupler

/100X NIR object lens l micro PL-2

2-axis stage OSA

fix

FCfiber

(a)

-35-



Taperfiber

, Waveguide

—
waveguide

(d) & . ©
Fig.3.8 (a) The configuration of-passive device measurement system (b) input region
(c) output region (d) taper fiber couple to-input-waveguide () output port focus on

micro PL-2

3.4. Measurement result

Firstly, we measure the lasing between bend and bend. We measure 120°
waveguide bend, and the lasing wavelength of 120° Z-type bend is 1473nm (See
Fig.3.9(b)) and Q factor is about 1000. Waveguide length between two bend is 9
periods. We compare with simulation. Backward propagation is also high reflection at
1470nm (red circle in Fig.3.9(c)) and the reflection and Q are direct proportion. So we

can fine tune the waveguide bend structure to achieve high-Q.
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Fig.3.9 (a) SEM of 120° Z-type bend (b) the lasing peak at 1473nm (c) high reflection

at 1470nm

And then we also observe if light can propagate in waveguide bend. Before
observing we must be seen if the facets of input and output port are smooth. The SEM
images are shown in Fig.3.10 and it is clear that the facets are smooth. Next, we align
incident light by NIR CCD. The images are show in Fig.3.11 and the pump
wavelength is 1550nm. We can see the spot light are different when the taper fiber is
aligned or not aligned. After the taper fiber is aligned, we can observe the spot light at
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the output port (Fig 3.12). It represents the light actually propagate in waveguide

bend.
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Fig.3.10 the facet of (a) input port (b) output port
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Fig.3.11 different between the taper fiber is aligned or not aligned
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Fig.3.12 CCD image when we focus on visible and communication wavelength

3.5. Conclusion

In this chapter, we fabricate our device on active and passive wafer and measure
it. Then we compare measurement result and simulation. In active device, the lasing
peak can be measured, and its Q-factor is very low. It means our device in the bend
region with low reflection. In the.other word, we cén fine tune the parameter of bend
region, and let its reflection very high. Then‘we can get a hetero-structure with high
Q-factor. Moreover we also obsérve lighf spot-at output port. It can prove that light

can transmit in waveguide bend.
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Chapter 4. Conclusion and Future work

4.1. Conclusion

We have proposed a novel structure of waveguide bend by combining circular
photonic crystal and annular bragg reflector. In this thesis, we tune the waveguide
width to achieve not only broad bandwidth (~200nm) but also around communication.
And solve the phase of sector causing different transmission spectrum. Our device is
available to arbitrary waveguide bend. It is helpful to photonic integral circuit.
Moreover, our device is not only broadband waveguide but also a cavity if we fine
tune the structure of bend region.

In the measurement, we setup a measurement system for passive waveguide. And
we can observe spot light at input and output ports- by NIR CCD to confirm that the
light can propagate in waveguide bend actudlly. In active device, we observe a lasing
peak at 1473nm. It is match with high reflection in backward propagation. So our

structure is not only a waveguide bend but also-a cavity after fine tune.

4.2. Future work

In this thesis, we observe a lasing peak at 1473nm when the length between bend
and bend is nine periods. We want to know if the lasing peak be changed while we
increase length between bend and bend. Moreover, we will fine tune measurement
setup. Because optical loss in micro-PL2 system is too large to measurement
transmission spectrum. We consider measuring transmission spectrum by lens-fiber to

prevent optical loss in micro-PL2.

- 40 -



Reference

[1] E. Yablonovitch, “Inhibited Spontaneous Emission in Solid-State Physics and
Electronics”, Phys. Rev. Lett. 58, 2059-2062, 1987

[2] S. John, “Strong localization of photons in certain disordered dielectric
superlattices”, Phys. Rev. Lett. 58 2486-2488, 1987

[3]J. D. Jounnaopoulos, R.D. Meade and J. N. Winn, “Photonic crystals-Molding the
Flow of Light”, 1995

[4] Lord Rayleigh, Philosophical Magazine 24, 145-159, 1887

[5] Lord Rayleigh, Philosophical Magazine 26, 256-265, 1888

[6] Y. Lin, E. Chow, V. Hietch, P. R. Villeneuve, J. D. Jounnaopoulos, “Experimental
Demonstration of Guiding and Bending of Electromagnetic Waves in a Photonic
crystal,” Science 282 pp. 274-276, 1998

[7] A. Talneau ef al.,” Photonic=crystal ultrashort bends with improved transmission
and low reflection at 1.55 mm’ Appl. Phys. Lett., Vol. 80, No. 4, 28 January 2002

[8] S.Noda et al, “Wider bandwidth with high transmission through waveguide bends
in two-dimensional photonic crystal slabs” Appl. Phys. Lett., Vol. 80, No. 10, 11
March 2002

[9] A. Talneau et al, “Low-reflection photonic-crystal taper for efficient coupling
between guide sections of arbitrary widths”OPTICS LETTERS / Vol. 27, No. 17/
September 1, 2002

[10]J. S. Jensen and O. Sigmund3 May 2004 / Vol. 12 No. 9 / OPTICS EXPRESS
1999

[11] Yao Zhang et al, “Ultracompact waveguide bends with simple topology in

two-dimensional photonic crystal slabs for optical communication

wavelengths”Opt. Lett. Vol. 32, No. 7 April 1, 2007

-4] -



[12] H. Miyazaki et al, “High-transmission waveguide with a small radius of
curvature at a bend fabricated by use of a circular photonic crystal”’May 1, 2005 /
Vol. 30, No. 9/ OPTICS LETTERS
[13] S. Xiao, M. Qiu “Study of transmission properties for waveguide bends by use of
a circular photonic crystal” Physics Letters A 340 (2005) 474479

[14] Ziyang Zhang, Min Qiu” Compact in-plane channel drop filter design using a
single cavity with two degenerate modes in 2D photonic crystal slabs,” 4 April
2005/ Vol. 13, No. 7/ OPTICS EXPRESS 2596

[15]R. Wilson, T. J. Karle, I. Moerman and T. F. Krauss, “Recirculation-enhanced
switching in photonic crystal Mach-Zehnder interferometers,” J. Opt. A: Pure
Appl. Opt. 5, S76-S80, 2003

[16]Yu Tanaka, Y. Sugimoto, N. Ikéda, H. Nakamura, K. Asakawa, and
KlInoue,”Wavelength-Dependent Coupling:Charaeteristics in Two-Dimensional
Photonic-Crystal Slab Directional.Coupler~J. J. Appl. Phys. 44, 4971-4974, 2005

[17] M. G. Banaee, A. G. Pattantyus-Abraham; M. W. McCutcheon,G. W. Rieger,
and Jeff F. Young” Efficient coupling of photonic crystal microcavity modes to a
ridge Waveguide” Appl. Phys. Lett. 90, 193106 2007

[18] Hongliang Ren, Chun Jiang, Weisheng Hu, Mingyi Gao, and Jingyuan
Wang”’Photonic crystal power-splitter based on mode splitting of directional
coupling waveguides” Optical and Quantum Electronics (2006) 38:645-654

[19] D. O’Brien, M.D. Settlel, T. Karle, A. Michaeli2, M. Salib3 and T.F. Krauss”

Coupled photonic crystal heterostructure nanocavities” 5 February 2007 / Vol.
15, No. 3/ OPTICS EXPRESS 1229

[20] Hitomichi Takano, Bong-Shik Song, Takashi Asano, and Susumu Noda” Highly

efficient multi-channel drop filter in a two-dimensional hetero photonic crystal”

17 April 2006 / Vol. 14, No. 8 / OPTICS EXPRESS 3491
-4 -



[21] B. S. Song, T. Asano, Y. Akahane, Y. Tanaka, and S. Noda, “Transmission and
reflection characteristics of in-plane hetero-photonic crystals,” Appl. Phys. Lett.
85, 4591-4593 (2004).
[22] Amnon Yariv et al, IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM
ELECTRONICS, VOL. 11, NO. 2, MARCH/APRIL 2005
[23] Amnon Yariv et al, November 15,2004 / Vol. 29, No. 22 / OPTICS LETTERS
[24] Derek Chang, Jacob Scheuer and Amnon Yariv, 14 November 2005 / Vol. 13,

No. 23 / OPTICS EXPRESS 9273

-43 -



Vita

Chun-Jung Shih was born at 19 August, 1984 in Chiayi City, Taiwan.
He received the B.S. degree from Department of Physics, National
Central University, Taiwan in 2006. The M.S. degree will be received
from Department of Photonics and Display Institute, National Chiao
Tung University, Hsinchu, Taiwan in 2008. His research is photonic

crystal waveguide arbitrary bending.

_44 -




