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Abstract
The sizes of photonic crystal“devices become smaller with the advancement of
semiconductor fabrication technology. Many functional devices can be integrated on
the single chip. Signals can propagate in the photonic crystal with low optical loss.
Traditionally, the signal will be side-pumped into the input waveguide, the insertion
loss is sensitive to the vibration. It is easy to cause large optical loss with little

vibration.

In this thesis, we try to change the pumping direction. Light will be vertically
pumped into the cavity and the signal of interest will be extracted and propagates in
the waveguide. For this idea, we design and fabricated the double hetero-structure
photonic crystal waveguide-resonator. Three dimensional finite difference time
domain method are used to analyze each resonance modes and the quality factor of
them. Devices have been successfully fabricated. The basically in-plane and vertical
emission have been obtained. This device can be served as light extraction device in

optical integrated circuit and better tolerance of vibration.
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Chapter 1 Introduction

1.1 Introduction of photonic crystals

Photonic crystal, which possesses the ability to control the flow of light , was
firstly proposed by Yablonovitch in 1987[1] . At the beginning, the concept of
photonic crystal was not widely accepted by the scientific researchers due to the
issues of realization of three dimensional photonic crystal which possessed complete
photonic band gap . In 1989, Yablonovitch and Gmitter have tried to demonstrate that
complete three dimensional photonic band gap existed experimentally. Although the
experiment was finally failed, many scientific researchers have started to pay more
attention on this new research atea. More and.more research results have been
reported in resent years.

Photonic crystal is composed of'different-materials whose index are periodically
arranged on space[2]. The simplest artificial’ photonic crystal is one dimensional
multilayer structure as illustrated in Fig.1-1(a), which is the same with some kinds of
optical thin films. This kind of structure can be coated on the lens or mirrors to
enhance the transmission or refection of light in specific frequency. The more
complicated structures of photonic crystal illustrated in Fig. 1-1 (b) and (c) are that
the dielectric constants are periodically arranged in two and three dimensions. Various
applications of those complicated structures in optoelectronic such as filter, quantum

well laser, optical waveguide and so on, are designed and proposed.



(a) (b) (c)

Fig.1-1 An example of photonic crystal, different colors mean different dielectric

constants. (a) 1-D, (b) 2-D, and(c) 3-D

In previous section, we talk about that 1-D photonic crystal can enhance the
transmission or reflection of light in?Specific frequency range. Generally speaking,
when light meets photonic crystél, it Will‘be‘t(;tallyj‘ ﬂ:ﬂected or partially pass through
the photonic crystal. This phenomenon in photonic ci;ystal is so called photonic band
gap. The concept of photonic bzind ‘gapr ‘canvbrf::v regérded as optical analog of electrical
band gap existed in semiconductor. Atoms in the solid crystals produce the periodic
potential so that electrons are confined in the periodic potential well. The energy of
electrons is quantized and the dispersion relation is banding alike. In fact, each band
represents a series of discrete energy levels. The gap between each band is called
“forbidden band”, which means that there are no allowed energy levels in this region.
Similarly, the dispersion relation of photonic crystal is also banding alike and no
photons are allowed to exist in the forbidden bands. This is the reason of light in
certain frequency range within the forbidden band meets the photonic crystal will be

reflected. Because the photons can not be propagate in photonic crystal.



However, in the view of application, we hope that light can exist in the photonic
crystal and be controlled. This goal can be achieved by introducing artificial defects.
Take the 2-D photonic crystal shown in Fig.1-2 for example, the photonic crystal
patterns are defined on the slab. Before introducing the point defect, the band
structure with clear photonic band gap (PBG) is shown in Fig. 1-2(a). When removing
one air hole for forming the defect and band structure is shown in Fig. 1-2(b), we can
discover that a defect mode appears in the original PBG.. This defect mode can be
localized in this defect by PBG effect in in-plane direction and total internal reflection
(TIR) in vertical direction. This is a typical photonic crystal micro cavity with high
Quality factor and a small mode volume. Recently, Noda et al has proposed the high
performance photonic crystal cavity with its Quality factor being close to 100,000[3]
which can be applied to design high efficiency channel drop filter [4-9].

If we introduce a line defect,. light can-be guided within the photonic crystal.
Photonic crystal waveguide is-attractive in-the optical communication due to its
optical loss of 1dB per millimeter [10].and 90° waveguide bend with the optical loss

is lower than traditional optical fiber [11].

In recent years, many researchers have started to integrate the photonic crystal
cavity and waveguide to realize the functional devices, such as optical bistable switch

[12], slow light components [13], channel drop filters, and so on.
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Fig.1-2 The band diagram of triangular photonic crystal with air holes defined on the

slab. (a)without introducing defects and(b)with a point defect.

In order to improve efficiency of these devices, cavity design has become an
important issue. Many researchers fine tune the air hole shape and position near the
cavity to achieve this goal. But sometimes this rhethed will result in tough fabrication
issues. Therefore, some researchers bring up the ideal that using hetero-structure to
optimize the modal in-plane cqnﬁnement. By-using hetero-structure, we can avoid
tough fabrication issues, and ca\}ity ciuality factor can be greatly increased [14]. In
next section, we will discuss how the hetero-structure can be formed in photonic

crystal.



1.2 Photonic crystal hetero-structure

Over the past decades, hetero-structure has been widely used in semiconductor. In
semiconductor, hetero-structure can be formed by using different band-gap materials
and strains. However, molecular beam epitaxy costs lots of money and lattice
constant mismatch problem will restrain the usage of materials. In photonic

crystals, the formation of hetero-structure is more elasticity.

Generally, the hetero-structure can be created by simply tuning the size of
air holes in different region of photonic crystal region. However, it is difficult
to control the size of air holes due to proximity effect and unstable electron
beam dosage in the electron beam lithography process. The better way is to
vary the lattice constant of photoni¢ierystal,”The lattice constant shift will
result in the frequency shift-of*each band. As shown in Fig.1-3, the red and
green dotted lines represent the defect-modes of photonic crystal waveguide
with different lattice constants. The circles mark the frequency difference
between red and green dotted lines. Photons will be reflected in the
hetero-junction due to this slightly frequency difference. This effect is called

as “mode gap confinement”and can be used to design a prefect mirrors.

The hetero-structure interface plays an important role, acting as a nearly perfect
but frequency selective mirror for photons. Reflectivity of this mirror can be
nearly up to 100% when the frequency of input photons is within the mode gap and
can be relative low when frequency is outside the mode gap. The transmission spectra

for two photonic crystals with different lattice constants are shown in Fig.1-4.



Line with open circle represents the transmission of the photonic crystal with
lattice constant set as 465nm, and the line with open square represents the
transmission of the photonic crystal with lattice constant set as 460nm. We can clearly
see the transmission spectra will shift to high normalized frequency region with
shorter lattice constant. If we see the specific frequency, for example a/A=0.3 which is
shown in Fig.1-4, light propagate in the photonic crystal with long lattice constant

will be strongly reflected when enter the photonic crystal with short lattice constant.

The applications of selective mirrors are attractive in many functional devices. Next

section we will discuss these applications.
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Fig. 1-3 The band structure of photonic crystal with different lattice constants. Green
dotted line : a=465 nm r/a=0.296. Red dotted line: a=460 nm ,r/a=0.3. The

configuration of photonic crystal waveguide is shown on the bottom of the figure.
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1.3 The application of hetero-structure

So far, we talk about that hetero-structure can be served as perfect but frequency
selective mirrors. The applications of selective mirrors are important in many

functional devices design.

One typical example is photonic crystal hetero-structure cavity [17] which is
shown in the Fig.1-5(a). In the central region, light with certain frequency within the
pass band will encounter the stop band of the surrounding photonic crystal.
Electromagnetic wave will be confined in the central region and resonant. The
schematic band diagram is shown in the Fig.1-5(b). The frequency of resonance mode

which drops to the mode-gap of surrounding photonic crystal is represented as dash

line.
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Fig.1-5(a) The schematic illustration of the photonic crystal hetero-structure cavity (b)
the schematic band diagram of the photonic crystal hetero-structure cavity. Dash line

represents the frequency of resonance mode.

Another example is multi-channel drop filter. The multi-channel drop filter can
extract the signals with specific wavelengths and is useful in the WDM system. The

hetero-structure is a key component in realizing the function of multi-wavelength due



to its frequency selective property. Noda et al proposed a four port channel drop filter
in 2005 [9] as shown in the Fig.1-6(a). The drop efficiency is approach to 100% for
each wavelength and the wavelength integral is about 20nm. The drop spectra is

shown in the Fig.1-6(b).
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Figl-6 (a) Schematic of the multi-channel add/drop filter (b) The drop spectra of four

port channel add/drop filter. (Adopted from the reference 9)



Selective mirrors can also be used to enhance the quality factor of cavity. By using
double hetero-structure, we can match the envelope function of electric field with the
envelope function of Gaussian Beam. The energy loss due to envelope function
distortion can be further decreased. The reported extremely high quality factor of
600000 has been achieved experimentally by Noda in 2005 [14], which is the highest

value in the world in recent years.
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1.4 The Motivation and Overview

In photonic-crystal research area, the final goal is to realize ” optical integrated
circuits”. The signals can be processed in single chip and be extracted to another one.
However, it is difficult to import signals into the optical circuit from the horizontal
cross-section of the input waveguide. On the contrary, it is easy to pump signal into a
cavity vertically. As a result, it is possible to import signal vertically into a optical

circuit. However, there is only little literature are published on this issure.

In this paper, we propose a device named ‘“double hetero-structure
waveguide-resonator”. The double hetero-junctions are employed to create in-plane
confinement of this waveguide-resonator., We analyze the resonance modes of this
resonator numerically and expetimentally.We hope this device can successfully
extract signal from vertical into"in-plane’direction. Fig. 1-8 illustrates this idea
graphically.

Original Input
signal

-+ ® ® & ® » ® ® o P ® g O T B PSS PO S
- & B S & & 8 @ 5 D 6 e

+ ® ® ® 5 5 9 % & 5 P O S B S E S

" ® * P S @ & G P O S TSSO S S eSS - e BB DS eSS S e e e

The input signal of another

optical circuit
Fig.1-7 A demo of optical integrated circuit. The original input signal is pumped into
the waveguide-resonator vertically and extracted into the optical circuit. The
processed signals can also be extracted out of the optical circuit vertically and become

the input signal of another optical circuit.

11



Chapter 2 Device design and
Simulation results

2.1 The numerical methods used in photonic crystal

simulation

In this section, we begin with the Maxwell equations, which are the rules of light
propagating in the free space and media. Then, we will introduce the two major
numerical methods used in the photonic crystal : (1) Plane wave expansion
(PWE)(2)Finite difference time domain(FDTD) method.

2.1.1 Maxwell equation in non-uniform dielectric medium

Light propagating in the space will obey the Maxwell equation listed below

owing to its wave nature:

V(D) =4zp

V.B=0

V><E=—lﬁ
c ot

VxH :l@+4—”\]...2.1
cot ¢

Where E and H donate electric and magnetic filed, B and D donate magnetic flux
density and displacement field, and c is light speed in free space. The definitions of D

and H are as follow :

D=¢(r)E+P P: polarization vector(C/m*)
H= % -M M: Magnetization vector(A/m?)...2.2
u(r

In general case, € and p are the function of space and cannot be remove outside of the
\/ operator. Now if we only consider the dielectric and nonmagnetic medium , then

pis constant and is equal to 4mx10”(H/m) and M is equal to 0. The general form of D

12



field is more complex because the polarization vector is not only the function of space
but also the function of electric field. The formula of D is :

PM) = 7 E(O)+ 72 EX()+ 4% E (D) +.

D, =2 &E; +> kzyE;E +O(E")

j j

where Is(t) and EEt) are scalar field...2.3
However, we usually assume the intensity of excitation light is smaller enough so that
the nonlinearity can be ignored. If we further assume the material is isotropic and
homogeneous in all space, the D filed can be simply reduced to the form:

D(r)=¢,&,(r)E(r)..2.4
Next, we use equation (2.4) to replace the electric field in equation (2.1) and do

some curl operation and substitution, we,can get the wave equation in source free

region:
QEE(F):LVx{VxE(r)}z“’—jE(r)mz.s
() c
Q, H () = V X fees VXH(F)}:w—;H(F)...2.6
e(r) c

Solving equation (2.5) and (2.6) are the eigenvalue problems. Both Q. and Q,, are

2

o . 10, . = =
Hermitian operators, so the eigenvalue —- and eigenvectors E(F) and H(F) are
C

real number and can be solved by numerical method.

13



2.1.2 Plane Wave Expansion Method

Plane wave expansion is a powerful method for the band-diagram calculation of
photonic crystal. 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 can be expressed as a complex fourier series(2.7) by using the
reciprocal lattice vector (G ). Similarly, the wave function of electron in periodic
potential can also be expanded by the plane waves which are belong to the complete

set of schrodinger equation (2.9).
Periodic potential : U (r) = ZUGeié'ﬁ...Zﬂ
G

Periodic dielectric distribution : &(r) = deeié'ﬁ...z.S
G

For the same reasons, perigdic dielectric distribution can also be expanded by
reciprocal lattice vector(2.8) and the wave function:of photon in periodic dielectric
distribution can also be expanded by the plane waves which are belong to the

complete set of wave equation(2.10).
Wave function of Electron : ¢, (1) =) C(k - G)e R 29
G

Wave function of Photon: y, () = Z M (k —G)e‘“-é*ﬁ...z.m
G

Finally, we substitute the equation (2.8) and (2.10) into (2.5), we will get new wave
equation :

(K+G)e(k+G)xEy =-0"Y 56 Eq...211

G’

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,

14



we can limit our calculation in the first Brillouin zone. Theg; ., is the fourier

coefficient of &(r)and&™'(r),which is concerning to 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

i i 728 TE Band structure
20 Dielectric constant profile: at v=0 = 06 _‘__.,-—")_4
=
E
N S ]
i o 1
[y
1 %DQ— M
T ]
g [ — e mow WA wom R ow
-05 -04 02 00 02 04 OB b ! A
% 10 00 4
r 28 I r
(a) (b)

Fig.2-1(a) The TE band diagram of triangular lattice photonic crystal (b) The

supercell used in the simulation.
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2.1.3 Finite-Difference Time-Domain Method

Defect engineering is an important issue in designing the photonic crystal devices.
However, PWE method is applicable in calculating band structure, but can not
provide the time dependent behavior of light. As a result, the better way is to directly

solve the Maxwell equation.

Maxwell equations are vector differential equations, but computers can only
execute scalar add or subtract 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 equation-(2-12), where s and ¢ donate the magnetic

loss and conductivity.

0E, OE 0
— YT _(s+ —)H
Py ( /uo;urat) N
OE. ©OE 0
L —X=(s+ —)H
aX 82 ( :uolur 8t) y
OE, OE, 0
XY (54 —)H
Py o (S+ ot at) z
oH
oH, = (0 +¢,6, —)E,
oy oz
oH, ¢JH
X _ zZ — + E
82 8X ( gogr ) y
oH
s M ohse DE, 202
OX oy

In general case, distribution of refractive index is not uniform and may be
dependent on the positions. Hence, in order to describe the distribution of refractive

index in detail, all space are divided into many ideal grids, each grid will be given one
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refractive index which is the average 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 cubic, and the magnetic
fields are centered on the facet, which is due to the electric fields updated are induced

midway during each time step between successive magnetic fields, and conversely.

(.5 1.k+1)
(+1,3.k+1)

(i,7+1.k)

G+1.5.k)
(i+1,7+1.k)

Fig. 2-2 The scheme of Yee cell

The index i, 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 AXx is the increment of

length and Atis the increment of time step. The partial differential of six field

components can be given as follow :
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6F (XU J)X) F (X|+1/27 J)X) F (X| 1/2° J)X)

OX; AX
aF (XM ]’Xk) F (XI’ J+1/2’Xk) F (XI’ 11/29Xk)
OX; AX
8F (X|a J,X) F (X|> J) k+1/2) F (XU j’ k—l/Z)
OX, AX
n+1/2 n-1/2
aF (XI’ j’Xk) F (XM IK ) F (XN IK )213
ot At

Furthermore, we substitute equation. (2.13) into equation. (2.12), and the six

field components E:”/z,E;””Z,EZ"“/Z,H:“”,H;‘H/Z,HZ"”/2 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: Hehce, powerful parallel computation

such as cluster is needed.
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2.2 The cavity design using selective mirror

Conversional photonic crystal micro-cavity uses the closed boundary which is
formed by air holes. However, in order to achieve in-plane emission, the boundary of
cavity should be open and directly engaged with output waveguide. Now, the problem
is that whether the in-plane conferment of this kind of cavity is enough? We take an
example to answer this question.

The scheme of a simple channel drop filter is shown Fig2-3(a). We use the
same way mentioned in reference [15] to tune the positions of six air holes near the
edge of the L3 cavity in order to increase the quality factor of the cavity. Two 5-period
selective mirrors by shifting the position of each hole 0.045 period to left side are
added which is represented by open square in Fig2-3(a). Light will be imported in the
port 1 and dropped at port 4. The, tre;nsmission speétra on resonant frequency is shown
in Fig.2-3(c). The drop efficiency is up to 96.8%(96.8%=0.631+0.652x100% ) when
compared with the reference tr‘ansmiésibn of-single line defect waveguide which is
shown in Fig2-3(d). The mode profile‘on ithe stéady state is shown in Fig2-3(b). We
can clearly see that almost no light will pass through the selective mirror. From this
example, we can see that the in-plane confinement of selective mirror is enough for

specific frequency.
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Fig. 2-3 (a) The scheme of channel drop filter (b) The mode profile on the steady state
(c) The transmission spectrum on the resonance frequency and (d) the reference

transmission of single line defect waveguide.

As a result, our goal is to achieye in=plane emission, so in-plane confinement is
still needed in order to let photons not only resonant in in-plane direction but also can
be directly coupled into the output waveguide.-Based on these two points, a promising
approach is to employ the selective”mirrors. Now, the scheme of the device is
illustrated in Fig.2-4 (a). The output waveguide region is formed by taking three rows
of air holes away. The cavity region is formed by slightly shifting the six air holes (red

circles) outward from the waveguide, which is seen in the Fig.2-4(b).

The dash line stands for the hetero-junction formed by selective mirror. Someone
may doubt that “Are there any selective mirrors?”. The answer is “yes”. This point
can be explained by the band structure. The band structure of the cavity region
without shifting and with shifting six air holes is shown in Fig.2-5. The red dotted line
stands for the defect modes without shifting any air holes. The blue and green dotted

line stands for the defect modes with shifting the six air holes 30nm and 50nm
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outward the surrounding waveguide. Clearly, the defect modes with shifting air holes
drop into the modegap of original band structure. Conversely, the red dotted line is in

the modegap of the blue and green ones.

Airhole) () (0 (00 000 OO
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® 00098 80000

® 00 03 e 0000
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® 00000 06000 0 00
00000000900
® 900 0000000 00

(b)

six air holes outward from the waveguide.

separated by the dash line.

As the result, if the light is pumped vertically into the central region
between two hetero-junctions, it will be confined in the central region and resonant.
The central region is a cavity. The lattice constant of the device is 480nm and r/a =
0.3, the band structure is calculated with PWE and effective index is 2.7 which is

calculated with finite-element method.
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Fig.2-5 (a) The TE band structure of the cavity region without and with shifting six air

holes. Red dotted line : the defect modes without shifting any air holes. Blue dotted
line : the defect modes with shifting the six air holes 30nm outward from the
surrounding waveguide. Green dotted line : the defect modes with shifting the six air
holes 50nm outward from the surpounaing WaVeguide. (b) The supercell used in the

simulation. . 4 HALTYS
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2.3 The cavity mode analysis

In this section, I used the three-dimensional FDTD to calculate the resonant

spectrum and the resonant mode profiles for each field component Ex, Ez, Hy.

2.3.1 lIdentify each cavity mode and mode profiles
In the beginning of this section, we firstly show the plot of resonance mode
frequency versus r/a ratio which is shown in Fig.2-6. The gray shadow region is the

band gap region. There are seven cavity modes existed in this cavity due to the effect

of mode gap confinement.

0.36 4

0.34 o

0.324

0.30 <

0.28 4

U?ﬁ-

Normalized frequency(a/i)

r T T T T
028 029 030 0.31 032 033

r/a ratio

Fig.2.6 The plot of resonance frequency versus r/a ratio for each mode. The gray
shadow mark the region of photonic band gap. There are seven cavity modes existed

in this cavity due to the effect of mode gap confinement.
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The mode profiles shown in the Fig.2-6 is the total electric field pattern, The

mathematical expression of total electric field is given by equation (2.14)

2 2
‘Etotal(xiazj)‘:\/( Ex(Xiﬂzj)‘ + EZ(Xi,Zj)‘ )
For ij=0,1,2,3.. .2.14

We load the data files of Ex and Ez which are produced by the Rsoft into Matlab, and
note that the data should be converted into matrix form firstly. Secondly, we calculate
the total electric field by using the equation (2.14), and then the field pattern of total

electric field can be plotted.
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2.4 The Quality factor analysis

2.4.1 The calculation method of Quality factor and accuracy test.
The quality factor is a target which is used to estimate the loss of a cavity. The

definition of the quality factor of a cavity is given by equation (2.16)

Q- Total Energy stored in a cavity 216

- Energy loss per oscillation of a cavty

If the quality factor is large, it means that light can oscillate in the cavity for a long
period before radiation into air. Conversely, small quality factor means that light can

easily radiate into air. In other word, this cavity has poor light-confinement.

To calculate the quality factor, the'most common way is to estimate the full width
half maximum(FHWH) of the r¢sonant peak. However, the resolution of the grid step
will affect the accuracy of the calculated reésult, especially for high-Q cavity.
Therefore, another method to calculate quality factor is adopted in this paper.

We start from the energy decay equation which is given by equation (2.17),

dE 1

—=——E..2.17

dt 7,

the solution of this equation is given by equation (2.18), then we can clearly see that

E(t) = E(0) exp(—fit)...z.ls
p

the time-dependent behavior of energy stored in the cavity is exponential decay. As a
result, we can estimate the quality by finding out the time constant when energy is
decay tol/e. The final expression of quality factor is given by (2.19)

@

E
Qz_d%t

Here, we calculate the energy decay verse time with the light tool developed by R-soft,

=7, = 27zfrp...2.19
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and then we fit the energy decay curve to find out the time constant. At last, we

calculated the quality factor by equation (2.19).

At first, we have to make sure that our simulated result is correct before
calculating our own structure. To this end, we take L3 cavity [3] as a test in order to
verify the accuracy of the simulation result. All the parameters including lattice
constant, r/a ratio, refractive index, and so on will be set as the same with those

mentioned in reference 3.

The accuracy of the calculated quality factor is directly influenced by the grid size,
especially in the vertical direction. In general, the smaller the grid size is, the better
the result we obtain. However,.smaller grid size will enormously increase the
simulation time, and costs lots of computational resource. In fact, we don’t know how
small the grid size should be in orderito obtain-the correct result. As a result, we try to

get the most approximately results as possible-as we can in this paper.

The refractive index profiles of X-Z plane is shown in the Fig. 2-7. From the
Fig2-10(b) and (c), we observe that the contour of air hole with grid size equal to
Period/24 don’t have much difference when compared with grid size equal to
Period/64. As a result, we suppose that this grid size is enough to resolve the shape of
air holes in the x and z direction. So the grid size in the x and z direction is set to this

value in this simulation.
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Contour Map of Index Profile at v=0.147
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Fig. 2-7 (a) the contour map of index proﬁ'l'e. of whole device. The contour map of

refractive index which grid size is equal to (b) Period/24 and (c) Period/64.

The key point is the interface between air and slab which is concerned with the
grid size in the y direction. The contour maps of transverse index profile on the half
X-Y plane with different grid size are shown in the Fig. 2.8. We can obviously
observe that the graded-index layer between air and slab layer is gradually disappear
with the finer grid size. For calculation of quality factor, the grid size in y direction
should be as smaller as possible, but it is unnecessary for the calculation of resonant

spectrum and mode profile.
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Contour Map of Transverse Index Profile at Z=0 Contour Map of Transverse Index Profile at Z=0
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Fig.2-8 The contour maps of transverse index profile on the half X-Y plane where
grid size is equal to (a)Period/24 and (b) Period/128.

Before calculation, some det}aifl‘éﬁ"'s'hoﬁil.d Bél'flg,ted in the simulation are listed as

_i""i fr r" | % e
follow : - s .-,_:-:. '. |

.;-J- =

1. The size of energy monlto.r Shouiqabe_—smaller than that of a cavity in order to
prevent including energy Iogs;b;;s§]dg ﬁheﬁ.eawty region. The detected energy
density is a time-averaged value which is averaged from all the values
received by the monitor.

2. One or more energy monitors should be added outside of the cavity to make

sure the energy loss from the in-plane direction is about 0 (theoretically, we

assume the in-plane Q is infinite for a closed-boundary cavity )

All suggestions mentioned above are illustrated in Fig.2-9. Time monitor 1 detects
the energy density inside the cavity. Time monitors 2 and 3 detect the energy loss
outside the cavity. The energy density detected by time monitorl, 2, and 3 versus time
are shown in Fig.2-10(a) . We can see that energy decays exponentially for time

monitor 1 and 2. The energy detected by the monitor 3 is approximate to 0 so that we
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can make sure no energy will leaky out of the photonic crystal pattern. And then fit
the data of time monitor 1 with first order exponential decay. The result is shown in

Fig.2-10(b).
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Fig.2-10 (a) The energy density .detected by time-monitorl, 2, and3 versus time

duration (b) The fitted data of time monitor-1-with first order exponential decay.

From the fitting data, the calculated quality factor is given by equation (2.20)

Q=21r, % = 27x14983— = 59615
A 1579725

Resonant wavelength=1.579725 um
where 7, =14983 M., 2.20

The final result is still far from the simulation result proposed in reference [3] due
to the issue of grid size. But if we take fabrication tolerance into consider, this result
is reasonable. The gird size used here is period/24 for X.,Y, and Z directions. Table 2.1

is the comparison of quality factor between different grid size.
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Table 2.1 Comparison of quality factors with different grid size.

Grid size (X | Grid size (Y | Grid size (Z | Total quality
direction) direction) direction) factor
Test 1 Period/24 Period/24~20nm Period/24 59615
Test 2 Period/24 Period/8~50nm Period/24 15800
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2.4.2 Quality factor for each mode existed in the double hetero-structure

cavity

Now, we start to analyze quality factor for each mode existed in the double
hetero-structure cavity by 3D FDTD method. All simulated parameter are listed in
table 2.2. Here the grid size in Y direction is set to 44nm instead of the Period/24. It is
because by carefully defining the simulation domain and the grid size in the Y
direction, we can remove the grad index layer. Our slab waveguide height is 220nm
which is divisible by 44, so the simulation domain in Y direction is set to 308nm
which is a multiple of 44. The transverse index profile is shown in Fig.2-11, we can

see that grad index layer is disappear.

Contour Map of Index Profile at X=0
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Fig.2-11. The transverse index profile while grid size(Y) is equal to 44nm and

simulation domain (Y) is set to 308nm. The graded-index layer is disappear.
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The quality factor for each mode is shown in Fig.2-12. We want to emphasize that
the value of the calculated quality factor may not be a correct value due to rough grid
size. But we can still distinguish relative attitude of quality factor which is not
influenced by the grid size. From Fig.2-15, we can see that the mode F has the highest
quality factor and the mode D is the second highest one. However, the quality factor
of mode D is about a half of the quality factor of mode F. As a result, we focus our
discussion on the F and D modes and we will fine tune the PC structure to let these

two modes go into the gain spectrum of MQWs. The fabrication processes will be

introduced in the next chapter.
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Fig.2-12 The quality factor for each resonant mode.

Table 2.2 Simulation parameters.

Parameter value Parameter value
Material refractive o i
. 3.4 Grid size(X) Period/24
index
Air hole refractive L
. 1 Grid size(Y) 44nm
index
Slab waveguide o ]
. 220nm Grid size(Z) Period/24
height
Period 480nm Simulation domain I1pum
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in X direction

r/a

0.3

Simulation domain

in 'Y direction

220nm+88nm

Excitation source

Impulse

Simulation domain

in Z direction

9um
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2.5 Conclusion

This chapter, we analyze the double hetero-structure resonant modes. We show the
total electric field and show the plot of resonance mode frequency versus r/a ratio.
There are seven resonance modes. In the quality factor simulation, we firstly test the
accuracy of simulation method, we get a reasonable result which is approach to the
real measurement result to make sure the energy decay method is applicable in Q
calculation.

Secondly, we use this method to calculate the quality factor for each resonant
mode supported by the double hetero-structure cavity. We find that mode F has the
highest quality factor and mode D is the second highest one, so we focus our
discussion on these two modes and fing, tune the PC structure to let these two modes

go into the gain spectrum of MQWs.
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Chapter 3 Fabrication process for
double Hetero-structure
Waveguide-Resonator

Here, we will introduce the fabrication processes of membrane structure and
realize double hetero-structure waveguide-resonator.
3.1 Fabrication process for membrane structure

The structure of the wafer is shown in Fig.3-1. The epitaxial structure is
InGaAsP/InP  multi-quantum  wells(MQWs).  Four layer 10nm 0.85%

compressively-strained InGaAsP quantum wells and three layer 20nm unstrained

O
e

=

220nm

Fig.3-1 The epitaxial structure of InGaAsP/InP MQWs wafer.
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The main fabrication processes can be divided into four steps as shown in Fig.3-2.
The first step, 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. The second step, 300nm Polymethylmethacrylate (PMMA) is spin-coated on
the SiN layer, and then JEOL 6500 electron-beam (E-Beam) lithography system is
employed to defined the photonic crystal (PC) pattern. After defining the PC pattern,
we use MIBK/IPA mixture solution to develop it. The third step, 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 Ion Etching
dry (ICP/RIE) etching system to do this processes. The fourth step, we use HCI/H,O
mixture solution to undercut the InP substrate at room temperature less than 4°C for
8~16 minutes depended on the length of device and area of window. Some details of

recipe for dry etching step are listed.in the table 3.1.
Table 3.1 ICP/RIE recipes

Step SiN etch PMMA remove InP etch
Gas 1 (sccm) CHF; 50 0, 100 H; (0.8mT)~23
Gas 2 (sccm) 0,5 CL;(0.3mT)~18
Gas 3 (sccm) CH4 (0.4mT)~29
ICP power(W) 0 0 1000
RF power(W) 150 200 85
Pressure(mT) 55 100 4
Temperature(C) 20 20 150
He(sccm) 0 0 10
Time(sec) 120 20 105
Depth(nm) 140nm 300nm ~1000nm
Note : SCCM ( Standard cubic centimeter per minute) = 0°C, latm, cm’/min
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Remove SiN layer
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Fig.3-2 A flow chart of fabrication processes for membrane structure.
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3.2 CAD design and SEM picture.

We use CAD tools to layout photonic crystal pattern before E-beam lithography.
In order to successfully fabricate our device with proper scale, the fabrication
tolerance should be included in the CAD design. Each dry and wet etching step will
enlarge the radius of air holes and the test result are listed in the table 3.2.

Table 3.2 Fabrication tolerance of each dry and wet etching step

E-Beam pattern Transfer to SiN Transfer to InP After undercut
layer layer
Radius of air hole AveragedAr AveragedAr AveragedAr
=120~160nm ~5nm =10nm <2nm
Radius of air hole AveragedAr AveragedAr AveragedAr
>160nm ~5nm >15nm <2nm

After finishing all etching processes,-the increment of diameter of air hole is
roughly equal to 30nm if original radius is equal to 120~160nm after E-beam
lithography. Now, we listed the fabrication parameter of our device in table 3.3. We
choose three kinds of r/a ratio to match the target r/a ratio. In E-beam lithography
process, the position control is more precise than the size control of air hole.
Therefore, the lattice constant is directly set to target lattice constant without
correction.

Table 3.3 The comparison between target and fabrication parameter of our device.

Target parameter Fabrication parameter
Lattice constant(nm) 480 480
r/a ratio 0.3 0.22,0.24,0.26
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The windows are also an important part in the cad design. We use two kinds of
windows with different size. In the input and output side of the waveguide, we put a
23um*13um rectangle windows in order to enhance the ratio of undercut. In the top
and bottom side of the waveguide, we put smaller windows (7um *7um) in order to
provide more support to the membrane structure. The CAD layout is shown in the

Fig.3-3.
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Fig.3-3 The CAD layout of our device.

The fabrication processes have been introduced in last section. Here, we only
show the SEM pictures of fabricated devices. The successfully fabricated devices are
shown in the Fig3-4 (a), (b) and (c). The wet etching time is dependent on the size of
the air hole and windows. As a result, some devices are successfully undercut, but

others are failed at the same sample.
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Fig. 3-4 (a)(b) The SEM pictures of the devices with successful undercut The (c) Top

(

view SEM pictures after cutting.

view and (d) side
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3.3 Conclusion

This chapter, we have introduced the fabrication processes of double
hetero-structure waveguide resonator. We also discuss how to design the cad to get the
device with proper scale. The devices have been successfully fabricated and the

measurement results will be shown in the next chapter.
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Chapter 4  Measurement results

This chapter, we will show the measurement results of our devices. The
measurement results are divided into two parts. One is in the vertical direction, the
other one is in the in-plane direction.

4.1 Measurement system

In order to measure both vertical and in-plane lasing characteristic of double
hetero-structure waveguide-resonator. We combine the original micro PL system and a
accuracy moving stage with 0.lum resolution in space. The configuration of

measurement system is depicted in Fig.4-1(a) and (b).

The TTL 845nm laser with 0.5% duty cycle 1s served as an exciting source. The
laser beam accompanied with white light seuree 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 100X objective lens. The emission has two directions. The
vertical emission passes through the 100X 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).
The in-plane emission is accepted from the cut facet of waveguide. We use a lens

fiber to collect the in-plane emission and analyze the signal with OSA. The in-plane

and vertical signal is analyzed separately.
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Fig.4-1 (a) The configuration of micro PL measurement system.(b) (c) The

configurations of measurement setup.
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4.2 ldentify the lasing mode

We firstly identify the lasing modes of all fabricated devices. We compare the
measurement result with simulation one which is already shown in the Fig.2-6. The
compared result is shown in the Fig.4-2. From the compared result, there are three
possible lasing modes. One is mode B, another one is mode C and the other one is

mode D.
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Fig.4-2 Identify the lasing modes by the simulation data. There are three possible

lasing modes, mode B, mode C, and mode D.

First part, in most of our devices, mode B appears with mode C when pumped
power is larger than 3mW, but the output intensity is lower than that of mode C at
least 10dB. In fact, we can not see correct light-in light-out curve(L-L curve) of mode

B. In the other word, mode B is just a side mode. This result is agreed with the
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indication of quality factor simulation. The quality factor of mode B is much smaller

than mode C and D.

Second part, we discuss the mode C. From section 2.4.2, the quality factor of
mode C is lower than that of mode D about four times, but this difference is not so
huge. All devices have only one emission peak when a/A is between 0.31 and 0.323.
Therefore, we presume that it is possible for mode C to lasing. The reasonable
explanation may be that cavity boundary affects mode D much more than mode C. On
the other word, if the cavity boundary is bad, the quality factor of mode D may be
decreased rapidly. So, mode C has a chance to become a lasing mode. Another reason

is that mode D drops out of the gain spectrum so that mode C becomes lasing mode.

Third part, mode D is the major.lasing mode of ‘our device in this fabrication. The
quality factor of mode B is just smaller-than-mode F. We initially use 2D FDTD to
estimate the lasing wavelength of each.mode.”We focus on the mode F and fine tune
the lattice constant to let the lasing wavelength of mode F at 1.58um. Unfortunately,
the lasing wavelength of mode F with corrected lattice constant has been proven at the
1.65um after the 3D simulation setup. As a result, the mode F drops out of the gain
spectrum in our fabricated devices and mode D become the major lasing mode. The
lasing wavelength of mode D between 1.54pm to 1.6um will be single mode lasing.
So the measurement result presented in the next section will focus on this wavelength

region.

47



4.3 The lasing characteristic of mode D in both vertical and in-plane
direction

The lasing spectrum above threshold of device 1 which its r/a ratio and lattice
constant are equal to 0.302 and 482.6nm are obtained and shown in Fig. 4-3(a) and (b).
The lasing wavelength is 1543.7nm, and the side mode suppression ratio (SMSR) is

20.56dB above threshold. The threshold average power is 1.9mW as shown in

Fig.4-3(c).
Vertical emission
el Lasing wavelength: 1543.78nm -50-
;" 2506007 g -551
g 2006007 4 E e
2 @ -65
E 1.50E-007 4 g 70
g ' FAS 20.56dB
g 500E-008 - g -804
-85
0.00E+000
- : - T . -90
1450 1500 1550 1600 1650 1450 1500 1550 1600 1650
Wavelength(nm) Wavelength(nm)
W5 1esc I 5
Lo O
@ 3 (b)
2173 m
160
140

404
| Threshold

60 il £ power:

Em' 1.9mw

Output power(pW)
co
P

20‘ n|:7 18 19 20 21

18 2.0 22 24 26 28 30
Pumped power(mW)

(c) (d)
Fig.4-3 The vertical lasing spectrum above threshold of device 1 in (a) linear and (b)

dB scale.(c)The L-L curve and (d)The SEM picture of device 1
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The in-plane lasing spectrum above threshold of device 1 is shown in the Fig.4-4.
The lasing wavelength is 1543.17nm which is agreed with the vertical lasing
wavelength. The SMSR is 7.21dB above threshold. The intensity of in-plane emission
is much smaller than the intensity of vertical emission due to the propagation loss
within the waveguide and re-absorption of gain medium. The distance between cavity

and output facet is 22.173um as shown in Fig.4-3(d)
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Fig.4-4 The in-plane lasing spectrum above threshold of device lin (a) linear (b) dB
scale.

The lasing spectrum above threshold of device 2 which its r/a ratio and lattice
constant are equal to 0.292 and 505.3nm are obtained and shown in Fig. 4-5(a). The
lasing wavelength is 1592.98nm, and the side-mode-suppression-ratio (SMSR) is
23.33dB above threshold. The threshold average power is 1.96mW as shown in
Fig.4-5(c). The in-plane lasing spectrum above threshold of device 2 is shown in the
Fig.4-6. The lasing wavelength is 1593.51.nm which is agreed with the vertical lasing
wavelength. The SMSR is 11.41dB above threshold. The distance between cavity and
output facet is 22.173um as shown in Fig.4-5(d). The intensity of in-plane emission is
better than device 1, but the threshold power is slightly larger than device 1. The
possible explanation of this phenomenon may be that the in-plane loss of device 2 is

larger than that of device 1, so the threshold power increases.
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Fig.4-5 The vertical lasing spectrum above threshold of device 2 in(a) linear and(b)

dB scale.(c)The L-L curve and (d)The SEM picture of device 2
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Fig.4-6 The in-plane lasing spectrum above threshold of device 2 in(a) linear and(b)

dB scale.
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4.4 Conclusion

In this chapter, we compare the measurement result with the simulation one to
identify the lasing modes. We also explain why the mode F drops out of the gain
spectrum due to some estimation mistake. The lasing characteristic of mode D in both
vertical and in-plane direction is obtained. The basic in-plane emission action is
achieved. The distance between cavity and output facet of waveguide is longer than

20um which is enough for integrating other devices.
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Chapter 5 Conclusion

We have successfully fabricated the double hetero-structure photonic crystal
waveguide-resonator and provide the quality factor of each resonance mode by 3D
FDTD method. The first high Q mode is mode F which its quality factor is equal to
19000. The second high Q mode is mode D which its quality factor is equal to 8000.
In measurement, we compare the measurement result with simulation one to identify
the lasing mode. The major lasing mode is mode D. The mode F drops out of the gain
spectrum due to estimation error and is not included in this thesis. Single mode
operation can be achieved and the threshold average power of our device is about 1.9
mW from the vertical emission. Thebasic in-plane emission is achieved in this paper

and the SMSR of in-plane emission is 7.21dB"and 11.41dB above threshold.

The in-plane emission device'is formed by simply shifting the six air hole position
near the boundary of cavity. The distance between cavity and output facet of
waveguide is longer than 20um which is equal to 40 period. This device can be easily
integrated in the optical circuit without affecting other device design and The way of
vertical pumping possesses better tolerance of vibration. We believe that this device is

useful in the optical communication.
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