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Researches on Photonic Crystal Microcavities and Devices Based
on Whispering-Gallery Modes

student : Tsan-Wen Lu

Advisors : Dr. Po-Tsung Lee

Institute of Electro-Optical Engineering,
National Chiao Tung University

Abstract

Whispering-gallery (WG) =mode  with- high ' quality (Q) factor and multi-directional
resonance is very suitable for=serving as the active laser sources and passive devices with
specific functionalities in photonic integrated circuits (PICs). In this dissertation, we design,
fabricate, and characterize various photenic-crystal.(PhC) based micro- and nano-cavities with
high O WG modes. The possible‘applications are-also investigated and discussed.

In the beginning of this dissertation, we introduee the related research resources for
researches on two-dimensional PhC cavity devices, including numerical simulation methods,
nano-fabrication processes, and measurement systems. At first, we propose a nanocavity
design with WG mode based on 8-fold quasi-PhC (QPhC). Various WG modal properties are
addressed both in experiments and simulations, including single mode lasing actions, side
mode reduction mechanism, compact device size, and so on. Besides, we also investigate a
novel circular-PhC (CPhC) lattice structure with isotropic photonic band gap effect and
characterize the designed CPhC microcavity with high O WG mode.

By using 12-fold QPhC lattice structure with high symmetry, we design a microcavity
with high O WG mode. WG mode lasing actions and the strong mode dependence on
microcavity boundary are confirmed. Due to the WG mode field distribution, we insert a
nano-post beneath the microcavity to serve as the current injection pathway and heat sink in
electrically-driven structure. By fabricating microcavities with different nano-post sizes, we
investigate the WG modal loss behaviors and heat sink improvement due to nano-post both in
experiments and simulations.

For the purpose of integration in PhC-based PICs, we project the 12-fold microcavity
boundary on a PhC microcavity and enhance a high Q WG mode in it. Due to the presence of
WG mode, we investigate the uniform coupling properties of different waveguide-cavity



geometries. In applications, we propose a double-layered structure based on above PhC
microcavity and investigate its possibility in serving as an optical stress sensor. In the end, we
propose a nanocavity design with lowest order WG mode based on square PhC lattice. This
WG mode can be with very small mode volume and large nano-post tolerance beneath the
nanocavity at the same time.
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Figure Captions

Chapter 1

Fig. 1-1:

Schemes of (a) line-defect for waveguide and (b) point-defect for cavity
based on 2D triangular PhC lattice structure.

Fig. 1-2:  Scheme of 2D PhC nanocavity firstly demonstrated by O. Painter ez al. [8]

Chapter 2

Fig. 2-1:  Schemes of Yee cell in FDTD algorism.

Fig. 2-2:  Scheme of leapfrog time-stepping in FDTD algorism.

Fig. 2-3:  (a) Scheme of 2D triangular PhCulattice and (b) the corresponding PWE
and FDTD simulated PBG effect.

Fig. 2-4:  (a) Scheme of optimized high/-Q PhC 'Ls; mierocavity. (b) 3D FDTD
simulated resonanee spectrum and main‘resonance=mode profile in electric
field.

Fig. 2-5:  Designed epitaxial structure of InGaAsP:-MQWS, which is grown by Union
Optronics Corporation, Taiwan. The PL spectrum centered near 1550 nm
with 200 nm spectral span is-also confirmed.

Fig. 2-6:  The overview of the fabrication process of 2D PhC microcavity. The insets
A to D show the SEM pictures of each PhC pattern transferring step during
the fabrication process.

Fig. 2-7:  (a) Scheme and (b) photo of NIR confocal micro-PL system setup.

Fig. 2-8:  The measured resonance spectrum from PhC D3 microcavity laser. The
SEM picture of Ph D3 microcavity is also shown in the inset.

Fig. 2-9:  Various sample stage accessories of NIR confocal micro-PL system,

including (a) gas detection chamber, (b) current injection platform, (c)
substrate temperature controlling system, and (d) in-plane laser emission
collection stage.
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Chapter 3

Fig. 3-1:

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-3:

3-4:

3-5:

3-7:

3-8:

3-9:

Lattice structures of (a) penrose (5-fold), (b) octagonal (8-fold), and (c)
dodecagonal (12-fold) QPhCs.

(a) Scheme of original 8-fold QPhC D; nanocavity by removing a central
air hole and (b) the sustained dipole mode profile in magnetic field by
FDTD simulation.

(@) Scheme of 8-fold QPhC D; nanocavity by shifting the eight nearest air
holes from original positions 4 to B. (b) FDTD simulated WG4, ; mode
profiles in electrical field in x-z and x-y planes well-sustained in 8-fold
QPhC D; nanocavity with modification.

(a) Top-view SEM picture of the designed 8-fold QPhC D; nanocavity. The
inset shows its titled-view image. (b) Titled-view SEM image of 8-fold
QPhC D; nanocavities with lattice periods of eight to four from top to
bottom.

(@) The measured E-L curveof 8-fold QPhC D; nanocavity. The inset
shows the L-L curve near threshold*and indicates its threshold as low as
0.35 mW. (b) Thermeasured lasing spectrum at 1499 nm with SMSR of 25
dB.

Defect modes in normalized frequency of 8-fold QPhC D; nanocavity as a
function of r/a ratio. “The-PS denotes the<phase-shifting mode [61]. The
solid spheres denote the measured data, 'which match with WG4 1 mode
quite well.

(@) Scheme of an 8-fold QPhC D; nanocavity with central disturbance (air
hole inside or nano-post beneath). (b) FDTD simulated WG, 1 mode profile
in electrical field in x-z and x-y planes in 8-fold QPhC D; nanocavity.

Lasing spectra in dB scale of 8-fold QPhC D; nanocavities (a) without and
(b) with a central air-hole. The side mode is greatly reduced by inserting the
central air hole. The SEM pictures of measured devices are also shown in
the insets. The inserted air hole radius is 0.24a.

Threshold variation of WG4, 1 mode lasing as a function of different central
air hole sizes.
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Fig. 3-10:

Fig. 3-11:

Fig. 3-12:

Fig. 3-13:

Fig. 3-14:

Fig. 3-15:

Fig. 3-16:

Fig. 3-17:

Plot of WG, 1 mode lasing threshold versus number of cladding lattice
periods. There is only 36 % increase in threshold of 8-fold QPhC D,
nanocavity when the number of lattice periods is reduced from eight to
four, which is much smaller than the 130 % of triangular lattice PC D,
micro-cavity. The inset shows the SEM image of the 8-fold QPhC D,
nanocavity with four lattice periods and very condensed size of 3.5 x 3.5

pm?.

Scheme of the ACR surrounded by (a) air trenches (DBRs) and (b) the
CPhC lattice composed by the air holes.

Scheme of sunflower type CPhC lattice structure and the FDTD simulation
setup of transmission spectrum.

(@) 3D FDTD simulated transmission spectra of CPhC lattice structure. The
spectrum indicates the PBG region for normalized frequency from 0.29 to
0.354. (b) By rotating the whole CPhC lattice, the variations of PBG width
and upper and lower gap.boundaries are calculated, which are 6.7, 7.9, and
4.5 %, respectively, compared to PBG width até = 0.

Scheme and lattice parameters in Simulations 'of CPhC C, microcavity.

(@) Simulated WG modes in normalized frequency with different »/a ratios
of CPhC C; microcavity by 3D-FDT:Drsimulations. The measured results
denoted by open circles:indicate that the lasing mode is WGs 1 mode. The
FDTD simulated (b) O<factors and (c) mede profiles in electrical field of
WG modes in CPhC C, micracavity.

Tilted-view SEM picture of CPhC C, microcavity array. Top-view image is
also shown in the inset.

(@) L-L curve and spectra of (b) near and (c) above threshold of WGg, 1
mode lasing action at 1520 nm for a typical CPhC C, microcavity. Its
threshold and Q factor are estimated as 0.13 mW and 9,500 from the L-L
curve and the spectrum near threshold.

Chapter 4

Fig. 4-1:

(@) Lattice structure of 12-fold QPhCs. (b) 3D FDTD simulated
transmission spectrum of 12-fold QPhC on a 220 nm dielectric slab. Two
neighboring low-transmission region indicate the PBG region.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-2:

4-3:

4-5:

4-6:

4-7:

4-10:

Scheme of 12-fold QPhC D, microcavity. The right insets show the
microcavity geometry and the sustained high O WGg, 1 mode profile in
electric field, respectively.

(@) The plot of simulated defect mode frequency versus QPhC r/a ratio. (b)
The FDTD simulated Q factor of each defect mode. The highest Q factor of
38,000 from WGg ; mode is obtained. (¢) The FDTD simulated mode
profiles in magnetic fields of each defect mode.

Top- and tilted-view SEM pictures of fabricated 12-fold QPhC D,
microcavity. The fabricated r/a ratio is 0.37.

(@) Typical L-L curves of 12-fold QPhC D, and triangular PhC D,
microcavity lasers. Their thresholds are estimated as 0.15 mW and 0.6 mW
at similar lasing wavelengths, respectively. (b) Typical lasing spectrum of
12-fold QPhC D, microcavity laser. The lasing wavelength is 1572 nm and
the line width near transparency. pump level is estimated as 0.15 nm by
Loretzian fitting.

(@) Scheme of two Variation regions, the twelvenearest air-holes (denoted
by red circles, region-4) and the outer air-holes (denoted by blue circles,
region-B) in 12-fold QPhC D, microcavity. (b) The FDTD simulated WG, 1
mode profiles in“magnetic field of region-4 casé with lattice variation
degree from 0 to 5 %. Significant-moderdistortions are observed when
variation degree is larger than'3 %.

Measured lasing spectra of devices with different variation degrees from 0
to 7 % in (a) region-4 and (b) -B. Lasing wavelength variations for the
region-4 and -B cases are 20 nm and 2.5 nm.

(@) Scheme of 12-fold QPhC twin D, microcavity and (b) the FDTD
simulated bonding (B-) and anti-bonding (4-) mode profiles in magnetic
fields in it.

SEM pictures of fabricated 12-fold QPhC (a) twin and (b) triple D,
microcavities.

(@) Lasing spectrum of bonding and anti-bonding modes. (b) The plot of
simulated bonding and anti-bonding modes frequency versus QPhC r/a
ratio. The purple and blue solid spheres denote the measured bonding and
anti-bonding modes, respectively, which match with the simulated results
quite well.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-11:

4-12:

4-13:

4-14:

4-15:

4-16:

4-17:

4-18:

(@) Scheme of 12-fold QPhC triple D, microcavity and (b) the PM mode
catalog in it.

(@) Lasing spectrum of A4-, AB-, and BB-modes. (b) The plot of simulated
AA-, AB-, and BB-modes frequency versus QPhC r/a ratio. The solid
spheres denote the measured results, which match with the simulated results
quite well.

Scheme of CROW device based on a series of 12-fold QPhC D,
microcavities.

Scheme of 12-fold QPhC D, microcavity with a nano-post beneath. This
nano-post can be served as the current injection pathway and heat sinker at
the same time.

(@) The relationship between the nano-post diameter and Q factor and
wavelength of WG, ; mode. The Q factor dramatically degrades when the
nano-post size is larger than 1.6« in diameter, The insets indicate the energy
flows in x-y plane. (b)*Fourier-transformed electric fields in x-z plane when
the nano-post sizes' are [0.8a-and 2.4a,. which show the extra leaky
components induced by larger nano-post.

(@) The scheme of‘the 12-fold QPC D, microcavity'in FEM simulation. (b)
The simulated temperature distributions-of:microcavities without and with
nano-post sizes of 440, 660, and 880 nm .in diameter. The temperature
decreases when nano-post-size increases:"(C) The simulated temperature
distributions of microcavity with nano-post size of 880 nm in diameter
when the time is 30, 50, 120, and 200 ns.

Top-, tilted-, and cross sectional-view SEM pictures of fabricated 12-fold
QPhC D, microcavity with central nano-post beneath are shown from left to
right. The nano-post beneath the microcavity can be easily identified and
observed. The fabricated »/a ratio is 0.34. (Courtesy of Wei-De Ho,
Department of Photonics, National Chiao Tung University)

L-L curves of 12-fold QPC D, microcavities without and with nano-posts
when D = 420 and 900 nm. The thresholds are estimated to be 0.35, 0.35,
and 1.2 mW, respectively. Tilted-view SEM pictures of microcavities with
nano-post D = 420 and 900 nm are also shown.
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Fig. 4-19:

Fig. 4-20:

Fig. 4-21:

(@) Lasing spectra above thresholds of mmicrocavity without and with
nano-post D =420 nm. (b) Spectra below (~ 0.8 times) thresholds of
microcavity with different nano-posts. The measured Q factor decreases
from 10,000 to 5,800 when D increases from 0 to 900 nm. (c) The angular
plots show the measured WG 1 mode polarizations before (left) and after
(right) inserting the nano-post with low polarized ratios of 2.2 and 1.5.

(@) L-L curves of microcavity with nano-post size D = 830 nm under
substrate temperatures of 20, 35, 50, 60, and 70 °C, respectively. (b) The
lasing wavelength variation plot when the substrate temperature is varied
from 20 to 70 °C. The red-shift rate is about 0.050 nm / °C, which is
smaller than that (0.086 nm / °C) of microcavity without nano-post beneath.

(@) L-L curves of microcavity with nano-post beneath under different pump
duty cycles from 0.5 to 16.0 %. (b) The relationships of the pump duty
cycle versus the spectral line width and the threshold. Both spectral line
width and threshold increase with the increasing pump duty cycle.

Chapter 5

Fig. 5-1:

Fig. 5-2:

Fig. 5-3:

Fig. 5-4:

Scheme and cavity design of PhC D,-microcavity. The microcavity is
modified from PhC D, to CD, microcavity by shifting the twelve nearest air
holes inward or outward to make the spacing between air holes equal to one
lattice constant.

Fig. 5-2: 3D FDTD simulations of WGg:4 mode in PhC D, microcavity.
Electric-field distribution in (a) x-z and (b) x-y planes. (c) Magnetic-field
distribution in the x-z plane. (d) WGg 1 mode electric-field distribution in
k-space by Fourier transformation.

(@) Plot of normalized frequency versus PhC r/a ratio of the resonance
modes in PhC CD, microcavity by 3D FDTD simulations. The hollow
circles, squares, and triangles denote the measured lasing actions from
devices with lattice constants from 490 to 510 nm. (b) The measured
resonance spectrum from well-fabricated device with lattice constant and
r/a ratio of 500 nm and 0.33, respectively. The gain region of MQWs is
indicated by the shadow region.

(@ Top- and (b) tilted-view SEM pictures of fabricated PhC CD,

microcavity lasers. The fabricated lattice constant and r/a ratio are 500 nm
and 0.33, respectively.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5-6:

5-9:

5-10:

5-11:

5-12:

5-13:

5-14:

(@) Typical L-L curve and (b) lasing spectrum at 1536 nm of PhC CD;
microcavity laser. The threshold can be estimated as 0.24 mW from the L-L
curve. The measured Q factor can be estimated as 10,000 from the line
width of 0.15 nm in (c) the spectrum near threshold. The SMSR is also
estimated as 18 dB from (d) the lasing spectrum in dB scale.

FDTD simulated WGg, 1 mode profile reveals that the evanescent field of
each lobe propagates along twelve different directions from the
microcavity.

(@) Scheme of waveguide-cavity-waveguide coupling system based on PhC
CD, microcavity with different waveguide geometries. (Different output
ports, numbered as port 1 - 10) (b) Propagating field distribution and (c)
transmission spectrum of 44 type coupler with »/a ratio of 0.36. (d)
Optimization of transmission versus r/a ratio. The maximum transmission
appears when r/a ratio = 0.30 - 0.32.

(@) Scheme of 4,5 coupler with power splitting function and (b) its
propagating field distribution. The output powers of port 4 and port 8 are
almost the same with 42 % transmission.

(a)-(c) SEM npictures and measured lasing spectra near threshold of PhC
CD, microcavities with three-inserted waveguide geometries. From left to
right, the Lorentzian fit line-widths degrade to 0.220, 0.225, and 0.215 nm,
respectively.

Scheme of DL Ph€ CD, microcavity design. Thesmicrocavity design and
the simulated WGg,1 mode profile in"electric-field are shown in the right
inset-4 and -B.

The simulated mode profiles in electric-field in x-z plane of (a) bonding and
(b) anti-bonding modes. (c) The 'simulated wavelengths of bonding and
anti-bonding modes versus the air-gap distance d.

The simulated Oyonaing (Open circle) for air-gap distance d varied from 165
to 660 nm. High QOponging ~ 110,000 is obtained when d = 550 nm. The
wavelength shift rate # (open square) under different d is also presented,
which decreases when the two membranes become far apart. The original O
factor (~36,000) of WGg 1 mode in single-membrane PhC CD;, microcavity
is also denoted by the red horizontal dash-line.

Scheme of DL PhC microcavity in BWWs geometry. The applied stress and
PhC patterns are located in bridge and wing regions, respectively.

The FEM simulated (a) air-gap displacement 44 and (b) torsion distribution
of the InGaAsP BwWs geometry when F =50 nN. The PhC pattern is also
denoted by the white dash-line enclosed region. The torsion-free regions
appear on the wings.
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5-15:

5-16:

5-17:

5-18:

5-19:

5-20:

5-21:

(@) The simulated relationship between the applied stress and air-gap
displacement Ad. The relationships of BwWs geometry for silicon and
InGaAsP materials are presented. (b) The calculated minimum detectable
stress variation oF for the BwWs geometry under different air-gap distance
d.

(@) PWE simulated band diagram of square lattice PhCs with »/a ratio =
0.38. (b) The PBG mapping under different lattice orientation with r/a ratio
=0.30 - 0.40.

Scheme of square PhC (a) single defect and (b) points-shifted Dy
naocavities.

(@) The plot of simulated defect mode frequency versus r/a ratio in square
PhC Dy nanocavity. (b) FDTD simulated WG, 1, dipole, and monopole
mode profiles in electric-fields.

(@) The simulated Q factor (open circles), mode volume (open squares), and
(b) Purcell factor of WG, 1 mode in Dy nanocavity under different »/a
ratios.

(@) The relationships between nano-post size and O factor and wavelength
of WG, 1 mode. The:Q factor-degrades to be smaller than 10,000 when the
nano-post size is darger than 064 =in ‘diameter..(b) Fourier-transformed
electric fields in x-y.plane when the.nano-post sizes are 0.4a and 0.8q,
which show the extra leaky components induced by larger nano-post. (c)
The simulated WG, ;1 mode .volume and Purcell factor under different
nano-post sizes. The Purcell factor degrades to be.smaller than 1,000 when
the nano-post size >"0.6a in diameter.

(@) Top-, tilted-view and zoom-in"SEM picture of fabricated square lattice

PhC Dg nanocavity. (b) Typical lasing spectrum form Dy nanocavity with
r’/a =0.29.
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Chapter 1

Introduction

1-1 Micro-Photonics

Over last several decades, the silicon based VLSI technologies have made the
microprocessors possible and lead to great success in high-speed electrical information
processing. However, when the gate line-width further decreases, the performances toward
high-speed processing will be limited 'to the resistance of the very tiny metal inside the
microprocessors or systems and lead to lafgé RC constant, high power and poor thermal
dissipations, signal distortion and degradation, and cross talk between channels.

To overcome these problems, the researchers began to develop the optical communication
and information processing systems in'recent decades, thatis;to replace electrons by photons.
The wavelength division multiplexing (WDM) system [1] based on optical fibers has shown
the potentials in high-speed processing since 1980’s due to the low interactions between
photons. Over 40 Gb / s communication rate has been achieved in recent years [2].

Due to the great success in WDM systems, researchers impatiently to promote them to be
system-on-chip and make lots of efforts in recent decades in realizing the photonic integrated
circuits (PICs) [3] with versatile functionalities, which are usually composed by optical
waveguides and cavities in micrometer scale. Generally, optical waves in these devices are
optically confined or guided by total-internal-reflection (TIR) effect.

Unfortunately, when researchers further promote the component size to the order of single
wavelength, serious optical losses due to the limitation of ray optics greatly degrade their

abilities in photon guiding and controlling. The concept of photonic crystal (PhC) with
1



photonic band gap (PBQG) effect proposed by E. Yablonovitch and S. John in 1987 [4, 5]

overcome the limitation and show another chance to realize the PICs in wavelength scale.

1-2 Photonic Crystal

In a narrow sense, the PhCs [6] can be regarded as the dielectric materials with periodic
index arrangement on the order of an optical wavelength, which can be classified into one-,
two-, and three-dimensional (1-, 2-, and 3-D) PhCs according to their periodic dimensions.
Actually, the 1D PhC has been widely applied in various optical device known as Bragg
distributed reflector, which is a steak of two dielectric materials with different refractive
indices and can be fabricated by various thin film fabrication processes. Due to large design
flexibility and easy to fabricate,;2D PhCs are the -most widely used in various optical
applications among these thre¢ kinds of PhCs. On the otheér hand, up to date, due to the
complicated periodic structures of 3D PhCs, most researchers make their efforts on the
fabrication methods and technologies instead.of-applications. In this dissertation, we will
focus our researches on the 2D PhCs.

The photon behaviors in such dielectric ‘pertodic structures can be illustrated and

understood by solving Maxwell’s equations. The equations in MKS unit are listed as below:

VeB=0 (1-1)

VeD=p (1-2)

vxE=_98 (1-3)
ot

Vi =Jj+P (1-4)
ot

where the terms of B, D, E, H, J, and p are magnetic induction field, displacement,

macroscopic electric and magnetic fields, currents, and free charges in space, respectively.
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There are some assumptions to simplify the following calculations: 1). The dielectric material
is isotropic and leads to the relationship of D(7, w) = &(r, w)E(r, @), where the term of (7, w) is
determined by the given dielectric periodic structure, that is, the given PhC. 2). The frequency
dependence of the dielectric material can be ignored, that is, D(r) = ¢(r)E(r). 3). The dielectric

material is loss-less, that is, &) will be a real value. 4). The dielectric material is
non-magnetic, that is, B(r) ~ H(r). 5). No free charge exists in the space, that is, J and p are

both equal to zero. Under these assumptions, equations (1.1) - (1.4) become the following

equations:

V-H(r,))=0 (1-5)
V-e(r)E(r,1) =0 (1-6)
wE:-M (1-7)
ot
VxI:[=8(r)—aEé:’t) (1-8)

The electric- and magnetic-field terms can-be expressed as the harmonic modes, which are
products of terms with spatial and time function separately. The terms of E(z ¢) and H(7, t)

become as the following:

H(r,t) = H(r)e™ (1-9)

E(r,t) = E(r)e'™ (1-10)

Thus, substituting equations (1-9) and (1-10), equations (1.5) - (1.8) further become the

following equations:

VeH(r)=0 (1-11)



Ves(r)E(r)=0 (1-12)
VxE(r)—ioH(r)=0 (1-13)

VxH —iws(r)E(r)=0 (1-14)

And then we can obtain the master equation for magnetic field as the following:

1

e\r

V x(

)VXﬁU»=Q;ﬁU) (1-15)
C

For a given PhC lattice structure, that is, a given &(7) denotes the dielectric constant variation
function in space, we can solve the master. equation to find the modes H(r) for a given
frequency, which is an eigen-valu¢ problem. And then the corresponding E(7) term can be
obtained by substituting H(r) tefm into equation (1-14). From'the solved eigen-values, we can
construct the relationship between ‘wave-vector.and permitted optical wave frequencies of a
given PhC, that is, the band diagram of PhC.

In specific frequency range, we'will find the solved H{r):terms in some or all wave vectors
will be with an exponential decay term, that is, the optical wave propagation in this frequency
range is forbidden. Actually, this unique PBG effect is very similar to the electrical band-gap
in crystalline solid materials illustrated by Shordinger’s equation. In crystalline solid materials,
in specific energy range, the electron existence possibility will become zero due to the
potential function provided by the periodic atom arrangement and form the electrical band gap.

Interestingly, the electron and periodic atom arrangement in



Fig. 1-1: Schemes of (a) line-defect for waveguide and (b) point-defect for cavity based on 2D

triangular PhC lattice structure.

crystalline solid material can be analog to the photon and periodic index arrangement in PhC,
respectively, and leads to the similar band gap effect.

Most importantly, the PBG effect provides researchers the abilities of controlling photon
flows on the order of an optical wave'iengltlll l‘t';y 1r:1d;ming defects in PhCs, for example, PhC
waveguides and cavities, as shoWn 1an1g ;1-1:4a)*andl (b._) B.;séd on 2D triangular PhC lattice.
Due to the strong optical conﬁnq!men‘ts"l; v;gvélélag‘;h Is.c..a}elipn;wlded by PBG effect, various

PhC-based optical devices have been prbpns_gd and demonstra:ted like raging fires in the past

T ":‘ '—1'. |\ .:l ._- o

- 1 | %

couple decades. . P ey o

o gl
1-3 Photonic Crystal Micro- and Nano-Cavities

In micro-photonics researches, due to the ability of confining photon flow with specific
frequency, optical microcavities [7] have long been the key components in active and passive
optical micro-systems, for example, micro laser sources, optical filters, micro-sensors and
detectors, micro-polarizers, optical buffers, and so on. Various TIR-confined microcavities,
for example, micro-disks, micro-rings, and micro-toroids [7], have shown the excellent
performances in above applications. However, most device sizes are quite large (> 100 pum)
and not compact enough to realized PICs operating in wavelength scale. Although the device

size can be down to several micrometers, the
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Fig. 1-2: Scheme of 2D PhC nanocavity firstly demonstrated by O. Painter et al. [8]

performances will degrade with the decreased device size.

On the other hand, in PhCs, researchel‘é can easﬁy c.reate a point-defect region as shown in

J‘ 3 _.-'

Fig. 1-1(b) and form a micro- or “fano- cavity,on the order-' of wavelength. Due to the PBG
- ;. I;i = T

effect, the photon flow will ﬁots suffe'féer'i'(ids"ﬂend‘ldsse‘s que to TIR effect and can be
well-confined in these wavelength-scale PhC rmcro- or nano-oav1tles The scheme of firstly

4 b i

demonstrated 2D PhC nanocaV;ty lasef:'by 0. Paamter- et al. [8‘] is shown in Fig. 1-2. The PhC

.f-'

lattices are composed by air holes oh asuspended thin dl_electrlc slab (with quantum wells) in

F -
‘-'" *II

the air. The nanocavity region is form by a missing air hole. Light will be confined inside the
nanocavity by in-plane and vertical optical confinement provided by PBG and waveguide TIR
effect, respectively. The slab thickness is designed to be half of one wavelength to support
transverse-electrical fundamental mode in the vertical planar waveguide (air-slab-air)
structure.

In very recent years, various active and passive 2D PhC micro- and nano-cavity design
and applications has been proposed and demonstrated. Researchers have made efforts on
several issues of basic optical properties of micro- and nano-cavities, including high quality
(Q) factor, ultra-small mode volume (), large spontaneous emission (f) factor, and so on.

Recently, high theoretical and measured O factors of 5x10° and 3x10° in passive nanocavities

6



have been achieved by Prof. M. Notomi’s group [9] and Prof. S. Noda’s [10] group,
respectively. On the other hand, Prof. T. Baba’s group [11, 12] and Prof. Y. H. Lee’s group [13]
also propose and demonstrated ultra-small mode volume close to (4/2n)’ from PhC
nanocavities by shifting the lattice locally. Due to the high O factor and small mode volume V,
the resulted ultra-high Q/FV value are very suitable for observing quantum electro-dynamics
phenomenon, for example, vacuum Rabi splitting [14], and opto-mechanical energy
transformation [15, 16]. On the other hand, PhC micro- and nano-cavities have also been
regarded as a potential laser source with high f factor [17] for optical communication system
and efficient single photon source [18]. Besides, due to the high O factor and condensed
device size, PhC micro- and nano-cavities are also expected for various highly sensitive
micro-sensors or micro-sensor array,dineluding index-sensing [19, 20, 21, 22], virus detection
[23], stress sensing [24, 25], photo-detectors [26], and so on.

In constructing PICs, PhC cavities also playthe key roles. There have been various
ultra-high O micro- and nano-eavities integrated with PhC waveguides to lead-in or lead-out
the light with resonance frequency of nanocavity from or.to.the waveguides. In this manner,
the nanocavity acts like an optical transistor. This integration on the order of wavelength can
be used in add/drop filters [27, 28], optical bi-stable switches [29, 30], WDM PICs [31],
slow-light devices for optical buffer [32, 33, 34], all-optical memory devices [35], and so on,

which are all the key components in constructing PICs with versatile functionalities.

1-4 Motivations and Dissertation Overview

For serving as an active source, although various PhC micro- and nano-cavities with
excellent properties have been reported and demonstrated as we mentioned in Chapter 1-3,
most of them are under optical excitation and lack of proper electrically-driven structure. One

promising and efficient approach is injecting current by a post structure like the approach of



micro-disk [36]. Undoubtedly, the whispering-gallery (WG) mode with large central field
node will be the best mode candidate. However, the WG modes are rarely sustained in
PhC-based micro- and nano-cavities [37, 38]. Besides, the multi-directional mode profile
would also be beneficial and increase the design flexibility when applied in PICs. Thus, we
will focus our researches on designing various quasi-PhC and PhC micro- and nano-cavities
sustaining high O WG modes and their optical properties. And this dissertation structure is
illustrated as the following.

In Chapter 2, at first, we will introduce the essential research resources in designing,
fabricating, and characterizing PhC micro- and nano-cavity laser devices, including numerical
method in simulations, standard nano-fabrication processes on InP-based semiconductor
material, and near-infrared micro-phetoluminescence system with various accessories.

In Chapter 3, 8-fold QPhC ‘and circular-PhC lattice structure with PBG effects will be
introduced and applied in designing D; nanocavity-and D,'microcavity sustaining high Q WG
modes, which are demonstrated and confizmed both in FDTD: simulations and experiments.
Except for the basic WG mode lasing actions, modal properties including side-mode reducing
mechanism, compact device size, and/isotropic-PBG effect are also investigated by different
experiments or simulations.

And then the 12-fold QPhC D, microcavity design sustaining high O WG mode is
investigated in Chapter 4 both in simulations and experiments. To examine the possibility of
electrically-driven QPhC microcavity laser under continuous-wave operation, by fabricating
various nano-posts beneath the microcavity, the influences on optical losses and thermal
properties improvement of WG mode are investigated by a series of simulations and
experiments.

In Chapter 5, for the purpose of easy to integrate in PhC-based PICs, we design a PhC
CD; microcavity based on cavity geometry in 12-fodl QPhC D, microcavity in Chapter 4. The

WG mode lasing action is confirmed and the coupling properties when the microcavity
8



integrating with different waveguides are investigated in experiments and simulations. Base
on above CD, microcavity design, we propose an idea of microcavities on a double-layered
structure to act like a highly sensitive optical stress sensor. Design rule and simulated results
are analyzed and discussed. We also propose a Dy nanocavity design based on square PhC
lattice. The sustained lowest order WG mode with ultra-small mode volume is investigated in
simulations.

In Chapter 6, we summarize our works on PhC-based micro- and nano-cavities sustaining

high O WG modes.



Chapter 2

Modeling, Fabricating, and Characterizing Photonic Crystal Micro- and
Nano-Cavity Lasers

In this chapter, we introduce our developed research resources for designing, fabricating,
and characterizing photonic crystal (PhC) based light emitting devices, including numerical
method in simulations, standard nano-fabrication processes on InP-based semiconductor
material, and near-infrared (NIR) micro-photoluminescence (micro-PL) system with various

accessories for different measurement purposes.

2-1 Numerical Methods

In designing PhC devices, the ‘plane-wave- eXpansion: (PWE) and finite-difference
time-domain (FDTD) methods are widely used to calculate the band diagrams of given PhC
and light wave behaviors in various PhC "devices. Due to wide developments in
electro-magnetic wave applications, for researchers, commercial software and tools based on
these methods have been available in recent years, for example, R-Soft [39], Photon Design
[40], and so on. For briefly illustrating the algorism of PWE and FDTD method, several

important equations in Chapter 1 are listed here again, including (1-5) - (1-8), and (1-15).

Maxwell’s equations:

V-H(r,t)=0 (2-1)

V.-e(r)E(r,t) =0 (2-2)

10



VxE = 2-3
x Py (2-3)
Vx i = e(r) 20D (2-4)

ot
Master equation:
1 - o -
V x( VxH(r))=—H(r) (2-5)
e(r) c

2-1-1 Plane-Wave Expansion Method

As we mentioned before, we can obtain the dispersion curve of a given PhC by solving
the master equation (2-5) from Maxwell’s equations by formulating an eigen-value problem
out of it. And the PWE method provides a computational technique in this task. Because the
master equation is time-independent, 'the solution is the:stationary state of the given PhCs.
And the algorism is illustrated;briefly as the following.

In a given crystalline solid material, when we calculate.the electronic band by Shordinger
equation, the potential function provided by the atom periodic arrangement can be expressed
by Fourier expansion. And one can suppose the electronic wave function is in the form of
Bloch wave. Thus, we can obtain the allowed eigen-energy states as a function of its kinetic
momentum, that is, the electronic band structure. Due to the electronic wave function is
expressed as a superposition of plane waves, this method is named as plane-wave expansion.

As we mentioned before, PhC and its photonic bands can be regarded as the optical analog
of solid crystalline material and its electronic bands. Thus, the same derivation can be applied
to PhCs. The potential function in solid crystalline is replaced by the periodic dielectric index

constant expressed as:

e(r)= Y K; e (2-6)
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where G is the reciprocal lattice vector of the given PhC lattice and the Fourier series
coefficient being the K numbers subscripted by m. However, due to the symmetries of PhC in
space, including translational, rotational, and mirror symmetries [6], we can define the
smallest repeat region of the PhC, that is, the unit cell, to describe the entire lattice structure

and shorten the time consumption in calculation. Thus, the equation (2-6) becomes:

8(7") — Z gGeiG.;. , Where 5(;: L Jlg(r)efiGr (2-7)
G

C unit _cell

where V¢ is the volume of the unit cell. And the magnetic field H(r) can be expressed in the

form of Bloch wave as the following:

H(r) = Y b (G)e! 0 (2-8)

The term of Hy(r) will be the solution of master-equation if the vector amplitude /;(G) of the
plane wave (k+G) can be determined. Usually, thousands of plane waves will be applied in
algorism to obtain sufficient accuracy. Thus, the master equation (2-5) become as the

following by substituting (2-7) and (2-8):

(k+G) Y e (k+ G (G =—<§)2hk<6'> (2-9)

where ¢” - is the Fourier coefficients of e(r) and ¢”() on the plane wave with wave vector
(G’-G). By standard matrix diagonalization method, we can solve equation (2-9) and obtain

the photonic band diagram.
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2-1-2 Finite-Difference Time-Domain Method

Since 1990’s, FDTD techniques have emerged as primary means to computationally
model scientific and engineering problems dealing with electromagnetic wave interactions in
various materials and structures, including PhCs. Comparing with PWE method, FDTD
method is used to directly solve the time-dependent Maxwell's equations, the equations (2-3)
and (2-4) in partial differential form. In Cartesian coordinates, these two equations can be
derived as six scalar equations in (2-10), (2-11), and (2-12) [41]. The equations will be
discretized using central-difference approximations to the space and time partial derivatives to

obtain the dynamic behaviors of photon flow in PhC devices.

OE. 1 OH,+ CH OH ».1 OE. OFE

x _ B, Y , Zel z _ Yy 2_10
ot g(ay 2 o 8(6y o) -19)
OE, 1. 0H ~—oH oH 1" 6E_ OF

- = e ——— i b e ——) (2-11)
ot "' 0z ox ot oAl 7] ox
OE. "1 OH, o0H OH. 1 OB OE

- e - = - —) (2-12)

ot "€ 1 0ox oy

The basic FDTD space grid and time-stepping algorithm are proposed by Kane Yee in
IEEE Transactions on Antennas and Propagation in 1966 [42]. In spatial domain, he proposed
the vector components of the E- and H-field stagger spatially in rectangular unit cells of a
Cartesian computational grid, which is named as “Yee cell” and shown in Fig. 2-1. In Yee cell,
each E-field vector component is located midway between a pair of H-field vector
components, and conversely.

On the other hand, in equation (2-4), the change in the E-field in time is dependent on the
change in the H-field across space. Thus, in the simulation domain, the updated value of the
E-field in time is dependent on the stored value of the E-field and the numerical curl of the
local distribution of the H-field in space. The H-field is also in the similar time-stepping

manner. Iterating the E- and H-field updates results in a marching-in-time process wherein

13



sampled-data analogs of the continuous electromagnetic waves under consideration propagate

in a numerical grid stored in the computer memory. K. Yee proposed a leapfrog scheme for

above marching-in-time progress as shown in Fig. 2-2. In Fig. 2-2, the E- and H-field updates

are staggered in time domain sequentially. As a result, the E-field updates will be conducted

midway during each time-step between successive H-field updates, and conversely. This

process can be expressed as the following equations:

At

x(,/.k)

At n n
- E (E - Ey(,-,,»_l,k))

(i, j.k)

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

H
Yo J(i+1,j+L, k)

At
n+l _ n n+l/2 _ n+l/2 _ n+l/2 _ n+l/2
Ez(i,j,k) - Ez(i,j,k) + EAX (Hy(i,j+1,k) Hy(i,j,k)) gAy (Hx(i,j,k+l) H )
At
n+l/2 n—1/2 n _n
Hz(i,j,k) - Hz(i,j,k) + yAy (Ex(i,j,k) Ex(i,j,k—l))
(i, j+1, k+1) E,
HZ
EX EX
EV
(i, j, k+1) (i+1, j, k+1)
Ez y/ Ez
L Hx
(i, j, k) E, (i+1, j, k)

Fig. 2-1: Schemes of Yee cell in FDTD algorism.
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Fig. 2-2: Scheme of leapfrog time-stepping in FDTD algorism.

Another key issue in FDTD algorism is the boundary condition. To approximate an
infinite domain to be a finite computational domain and save the computation time and
computer memory, various boundary_cetiditions are: proposed, including Mur’s Boundary,
perfectly matched layer, and absorbing boundary-condition, which all eliminate the reflections
when the wave impinge the boundary of the computational domain.

In summary, the resulting-finite-difference.equations are-solved in a grid deviation in
spatial domain and leapfrog manner in' time-domain. In the computations, the E-field
components inside the Yee cell in space will be manipulated at a given instant in time domain.
And then the H-field components in the same cell will be manipulated at the next instant in
time domain. The process will be repeated until the desired electro-magnetic field behavior is
fully evolved. Since it is a time-domain method, solutions can cover a wide frequency range
with a single simulation run. In this dissertation, we will simulate and design the PhC-based

devices based on above two methods by commercial software [39].

2-1-3 Simulation of Photonic Crystal Device

Based on above numerical methods, in this section, we calculate the photonic band

diagram and the PBG effect of two-dimensional (2D) triangular PhC lattice shown in Fig.
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Fig. 2-3: (a) Scheme of 2D triangular PhC lattice and (b) the corresponding PWE and FDTD
simulated PBG effect.

2-3(a), which is composed by air holes on dielectric slab with infinite thickness. The indices
of dielectric material and air hole are set to bo phyl an_ld.l .0. The lattice constant (a) and air hole
radius (») are set to be 500 and- 150nm re-specti\;.e.l}../."ﬂ“he calculated band diagram for
transverse-electrical (7E) polarizaﬁon is sholwh in Flg_ 2- 3(b)' We can observe a large PBG
region between the first (dlelectmc-band) and second (alr-band) allowed photonic band.
Besides, we can also directly 51mulate {he-opaca.l—wasze (usually a plane wave or Gaussian
dipole source in simulation) ‘[ransmlss.lonI through the PhG by FDTD method to locate the
PBG region. The simulated transmlssmn spectrum-ls shown in Fig. 2-3(b). In Fig. 2-3(b), the
low transmission region indicates the PBG effect, which agrees with that performed by PWE
method quite well. Although the FDTD method is much time-consumed than PWE method,
this approach will be very promising in calculating PhC lattice structures cannot define the
unit cell or be with very large unit cell, for example, the quasi-PhCs.

On the other hand, to investigate the designed PhC micro- and nano-cavities, the FDTD
simulation will be applied very often to obtain the resonance spectrum, quality (Q) factor,
effective mode volume, and so on. The Q factor is a very important parameter to evaluate the

optical confinement ability of a microcavity. In FDTD simulations, there are two main

approaches to evaluate the Q factors of resonance modes. The first one is directly recording
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the energy decay rate of the resonance mode to evaluate the optical loss and calculate the Q

factor by the following equation:

U()=U, exp(—%”) (2-15)

where @ denotes the resonance frequency. Obviously, for microcavity with ultra-high Q factor,
the evaluation process needs great amount of time steps in FDTD simulation to obtain
sufficient accuracy in exponential fitting, which is usually time-consuming and executed by
cluster computations. The other approach evaluates Q factor by the resonance line width in
frequency domain base on Padé approximation [43] and Fourier harmonic analysis, which
provide a fast and better frequency resolution can be¢ obtained without using longer simulation
times.

Besides, the effective mode volume can be evaluated by the following equation [8]:

[e@IE@ "

by ™ max[&(r)|E()f] (310

Here, we take optimized high O PhC L; microcavity [44] proposed by Prof. S. Noda’s
group for example, to verify the accuracy of the simulation tools we use. The scheme of
optimized L; microcavity design by three missing air holes is shown in Fig. 2-4(a). The
microcavity is optimized by shifting lattices 4, B, and C with 0.2a, 0.025a, and 0.2a outward,
respectively, as shown in Fig. 2-4(a). The lattice constant, 7/a ratio, slab thickness and index
are set to be 420 nm, 0.29, 240 nm, and 3.4, respectively, according to reference [44]. The
simulated resonance spectrum and the main resonance mode profile in electrical field are
shown in Fig. 2-4(b), which agree with the results in reference [44]. The Q factor and

effective mode volume are calculated to be 2.3x10° and 0.079 um’, which also agree with
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2-2 Nano-Fabrication of Twénirbirﬂeﬁg'idnial Photonic Crystal Cavities

The epitaxial structure of InGaAsP multi-quantum-wells (MQWs) for membrane structure
is shown in Fig. 2-5. The epitaxial wafer consists of four 10 nm 0.85 %
compressively-strained InGaAsP quantum wells which are separated by three 20 nm
unstrained InGaAsP barrier layers. The summated thickness of MQWs is 220 nm, which is
design for supporting single 7F fundamental mode near wavelength of 1550 nm. It has been
confirmed that the PL spectrum of the MQWs is centered at 1500 nm with 200 nm gain
spectrum at room temperature, as shown in Fig. 2-5. The 60 nm InP capping layer is used to

protect the MQWs during a series of dry etching processes.
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Fig. 2-5: Designed epitaxial structure of InGaAsP MQWs, which is grown by Union
Optronics Corporation, Taiwan. The PL spectrum centered near 1550 nm with 200 nm

spectral span is also confirmed.

The nano-fabrication process of 2D PhC microcavity is illustrated as the following. First,
the 140 nm silicon-nitride (Si3Ny) layer served.as hard mask for latter dry etching process is
deposited by plasma-enhanced chemical vapor deposition (PECVD) process. Then a 240 nm
polymerthylmethacrylat (PMMA) layer is spin-coated on the Si3Ny layer. The PhC pattern is
defined on the PMMA layer by clectron beam lithography technology (JSM-6500F, JEOL).
After a series of development and fixation.processes, the first mask for PhC pattern is
prepared. The PhC pattern can be observed in scanning electron microscopy (SEM) picture
shown in the inset 4 in Fig. 2-6. It is also worthy to note that we can gradually tune the PhC
lattice cell size, that is, the air hole radius by choosing different point dosages during the
electron-beam lithography process [45-47].

Second, for transferring the defined PhC pattern on PMMA mask into Si;N4 and InGaAsP
MQWs, the inductively coupled plasma / reactive ion etching (ICP / RIE) system
(Plasmalab-100, Oxford Inc.) is used. The SizN4 hard mask is etched by CHF3;/ O, mixed gas
in RIE mode, and then CH4/ Cl,/ H, mixed gas is used to transfer the patterns into MQWs at
150 °C in ICP etching mode. The cross-section SEM pictures of etched PhC lattice on SizNy4

and InGaAsP MQWs are shown in the insets B and C in Fig. 2-6, respectively.
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Fig. 2-6: The overview of the fabrication process of 2D PhC microcavity. The insets 4 to D

show the SEM pictures of each PhC pattern transferring step during the fabrication process.

be removed. The undercut ca chie ; r_ re-of HCl : H,O =4 : 1 at 2 °C.

wet etching process to reduce the ter ss, caused by the surface roughness
[48]. The wet etching process is anisotropic. The wet etching stops at 95° and 40° from <-1, 0,
0> direction in the (0, -1, -1) and (0, 1, -1) planes, respectively [49]. The undercut trench
under the PhC pattern can be formed for the larger air holes. For smaller air holes, the wet
etching results in a small wedge-shape undercut in each air hole. The small wedges under
every air hole have no chance to meet each other. As a result, no undercut trench can be
formed. Thus, a window opening surrounds the device is applied to prevent the wet etching of

the air holes from stopping. Then a 2D PhC suspended slab structure is completed, as shown

in the inset D in Fig. 2-6.
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2-3 Measurement Setup

2-3-1 Near-Infrared Micro-Photoluminescence System

To characterize the epitaxial materials and various fabricated PhC micro- and
nanocavities, a NIR confocal micro-PL system with sub-micrometer-scale resolution in
microscope and sub-nanometer-scale resolution in spectrum is setup. The system
configuration and photo of the micro-PL system are illustrated and shown in Fig. 2-7(a) and
(b).

In this system, an 845 nm transistor-transistor logic (TTL) laser (APMT-60 ,Power
Technology Inc.) is used as the pump source. This TTL laser can be operated both under pulse
operation and continuous-wave (CW) op_(;:ra‘tion, ,II}I pulse mode, the driving current output
from a DC power source will'.']:g;.e:.mocriull-ated;_.b.y.' af_._rfunction generator (DG-535,

Fiber Coupler
10x Objective
Lens

InGaAs \G | Si Wafer
Power Meter o
Mirror , 4<
s
P
'
NIR Probing Laser l 171 Polarizer i
I
BS oy
""" D\ A4 i
silicon PumpSpot |
E=—=1 PowerMeter D, Microcavity
: 100x NIR
Function Objective Lens
Generator : %
Sample ‘ -
Pump Laser Six-Axis Stage e
Laser Emission (Resolution ~ 0.1 pm) -

Fig. 2-7: (a) Scheme and (b) photo of NIR con-focal micro-PL system setup.
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Stanford Inc.), and then the laser light output will be under pulse operation. The pulse signal
is generated by time-differential between two logic gate outputs and the pulse width of 200 fs
can be achieved. However, the smallest achievable pulse width is limited to the summation of
rise and fall time of the laser diode in TTL laser, which is about 19 ns. In CW operation case,
the function generator is turned off and the internal circuit is short. In this case, the driving
current will not be modulated and the laser output is in CW wave. Besides, the TTL laser
output profile and beam divergence are shaped to a circle and collimated by its internal
shaping module and mounted output collimator, respectively. These will be beneficial for the
optical path alignment when setting up the system.

The TTL laser pump beam is split into two beams by a 50 / 50 beam splitter with 10 um
thickness (BP-150, Throlab. Inc.). One beam will be feed into a 100x long working distance
NIR objective lens (M-Plan APO NIR series, Mitsutoyo Corp.) with numerical aperture of
0.42 mounted on a 3-axis stage. And then the pumpbeam is focused to a spot with 3 to 2.5 pm
in diameter on the measured sample byl the objective lens. The incident laser power on the
sample will be estimated by détecting the other beam -by.a silicon power meter (1815-C,
Newport Inc.), as shown in Fig. 2-7.

The simple microscopic function is also setup in this micro-PL system. By using a
co-axial white light source and a charge-coupled device (CCD) camera, the sample mounted
on a high resolution 3-axis stage can be observed from the monitor. A typical PhC D3
microcavity (formed by removing 19 missing air holes, cavity size ~ 2.6 pm in diameter)
image captured by CCD camera is shown in the inset photo in Fig. 2-7(a). In this photo, the
PhC microcavity laser can be observed clearly. One can see the positions of the microcavities
and the 845 nm pump spot with 2.5 to 3 um in diameter can be determined by comparing with
the microcavity. By the 3-axis stage (561-series, Newport Inc.) with high resolution of 0.1 pum,
the pump spot can be moved to the region we want to excite.

Once the sample is excited, the objective lens will collect the output light from the top
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Fig. 2-8: The measured resonance spectrum from PhC D3 microcavity laser. The SEM picture

of Ph D3 microcavity is also shown in the inset.

of the sample. A silicon wafer is put after the beam splitter in order to block the reflected
pump laser light. We use a 10x objecti;e lens to féed the output signal into a FC / FC
multimode fiber (MMF), and then' detecting the s,ignailr by an optical spectrum analyzer (OSA)
(AQ-6315A ,Ando Inc.) and an InGaAs power n’;eter (Q8221,¥Advantest Inc.), respectively.

The spectral resolution of thesOSA is 0.05 nm and detection: responsibility is from 350 to

1700 nm. By this NIR micro—i’L system;‘the PVLis‘Ir)ectrur‘n of the InGaAsP MQWs can be
obtained, as shown in Fig. 2-5. Besides, we also measufé a; typical PhC D3 microcavity [50,
51] to verify the system setup. The measure resonance spectrum is shown in Fig. 2-8. The
lasing peak is at 1595 nm and not shown in Fig. 2-8. The measured resonance peaks agree

with the simulated mode in PhC D3 microcavity [50] quite well.
2-3-2 Systematic Accessories

For different purposes of measurement, we setup different system and sample stage
accessories including substrate temperature controlling system for thermal behaviors
investigation, current injection platform for electrically-driven devices, in-plane laser

emission collection stage for waveguide-type laser devices, NIR tuning probe system for
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Fig 2-9: Various sample stage accessories of NIR con-focal micro-PL system, including (a)
gas detection chamber, (b) current injection platform, (c) substrate temperature controlling

system, and (d) in-plane laser emission collection steigé: i

reconfigurable laser investigations, gas detection chamber for sensor device measurements,

1

and so on. The photos of these.accessories are.shown in F 1g 2-9(a)-(d).

Among these accessories, the substr;ltgrfefmperaturei controlling system will be applied in
Chapter 4 in this dissertation a;ld’ the setup is illustra,ted as the following. We design a
substrate temperature controlling system By clapp{ng a thermo-electric cooler (TEC) between
two copper slabs. The sample will be fixed on the top copper slab. Thus, we can control the
sample substrate temperature by controlling the top copper slab temperature. In this system, a
10 kQ thermistor with + 0.01 °C accuracy is used to monitor the temperature of the top copper

slab. The thermistor feedbacks data to the temperature controller (325-B, Newport Inc.) to

decide the TEC driving current. A stable temperature will be achieved in 10 seconds.

2-4  Summary

In this chapter, at first, we introduce the theories of numerical methods for designing PhC

devices, including PWE and FDTD methods. And then we illustrate our developed
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nano-fabrication processes for fabricating PhC micro- and nano-cavity devices on InP-based
semiconductor materials, which are composed by e-beam lithography technology, a series of
dry- and wet-etching processes. We also setup a NIR con-focal micro-PL system with high
spectral resolution and sensitivity to characterize the fabricated devices. And various

systematic accessories for different measurements are also setup.
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Chapter 3

8-Fold Quasi-Photonic Crystal Nanocavity & Circular Photonic Crystal
Microcavity with Whispering-Gallery Modes

In this chapter, at first, we briefly introduce the lattice structures and photonic band gap
(PBQG) effects of quasi-photonic crystals (QPhCs). And then we propose a D; nanocavity
design with well-confined whispering-gallery (WG) mode based on 8-fold QPhCs under
proper cavity modification. In experiments and simulations, including WG modal lasing
actions, side mode reducing mechanism, and compact device size are investigated. In
additions, we also investigate a novel circular-PhC (CPhC):lattice structure with isotropic

PBG effect and apply it to construct a microcavity sustaining high quality (Q) WG mode.

3-1 Quasi-Photonic Crystals

Since the PhC nanocavity laser was firstly demonstrated by O. Painter ef al. in 1999 [8],
various attractive designs have been widely investigated as we mentioned in Chapter 1. With
the PBG effect, well-controlled photon flows in PhC micro- and nano-cavities are extremely
potential for quantum-electron dynamics (QED) devices and photonic integrated circuits
(PICs) applications due to its ultra-high Q factor and ultra-low threshold. However, the
anisotropy of PBG caused by the low-level symmetry in wave-vector (k) space has been
found and investigated [52, 53]. Actually, higher-level symmetry can be obtained by the idea
of quasi-periodic lattice comes from the solid-state physics and the anisotropy of PBG can be
reduced. According to different symmetry level, various QPhC lattice structures have been

proposed and demonstrated, for example, penrose (5-fold) [54], octagonal (8-fold) [55],
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Fig. 3-1: Lattice structures of (a) penrose (5-fold), (b) octagonal (8-fold), and (c) dodecagonal
(12-fold) QPhCs.

dodecagonal (12-fold) [56], and so on, as shown in Fig. 3-1. These lattice structures in spatial
coordinates can be obtained by transforming specific periodic wave-vector arrangements in
Fourier space [56].

In serving as the mirror of mieroeavity, the QPhCs would provide more efficient and
uniform in-plane confinement in all (directions due to the-isotropic PBG effects [54, 56],
which will be beneficial for achieving lasing properties with low threshold and high Q factor.
Most importantly, various WG modes with high Q. factors ean be easily sustained in 2D
micro- and nano-cavities based on different QPhCs. Very.recently, various QPhC micro- and
nano-cavity lasers have been investigated in-theory and demonstrated in experiments by

several groups [57-59].

3-2 8-Fold Quasi-Photonic Crystal Single-Defect Nanocavity
3-2-1 Cavity Design, Simulated, and Measured Modal Properties

In the beginning, we design a single defect nanocavity by removing a central air hole
(named D; nanocavity) based on 8-fold QPhC lattice as shown in Fig. 3-2(a). Then we
investigate the sustained defect modes in this nanocavity by three-dimensional (3D)
finite-difference time-domain (FDTD) method. In the simulation setup, the slab thickness is

220 nm and the designed air-hole radius (r) over lattice constant (a) ratio is 0.3. From
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Fig. 3-2: (a) Scheme of original 8-fold QPhC D, nanocavity by removing a central air hole
and (b) the sustained dipole mode profile in magnetic field by FDTD simulation.
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the simulated results, we find the main resonance mode in this nanocavity design is dipole
mode as shown in Fig. 3-2(b).

In order to obtain a well-confined WG mode, the eight nearest air holes are shifted
outward from position 4 to position B as shown in Fig. 3-3(a) until the distance between two
neighboring air holes is equal to the lattice constant. This design approach actually comes
from the micro-gear lasers [60], where the gears at the cavity boundary have to satisfy the
constructive interference condition for the standing wave of WG mode. From FDTD
simulations, we successfully create a well-confined WG4, ; mode (the former sub-number
denotes the azimuthal number and the latter one denotes the order of radial mode) in the

modified 8-fold QPhC D; nanocavity. The simulated electrical fields in x-z and x-y planes
28



with significant zero-field distribution are shown in Fig. 3-3(b). The number of mode lobes
matches with the number of gears as we predicted.

According to the nanocavity design, the real devices are fabricated by the standard
fabrication process illustrated in Chapter 2-2. The top-view scanning-electron-microscope
(SEM) picture of the fabricated 8-fold QPhC D; nanocavity is shown in Fig. 3-4(a). The
fabricated r/a ratio is 0.30 with lattice constant of 550 nm. In characterization, the nanocavity
is optically pumped by the NIR micro-PL system illustrated in Chapter 2-3. The light-in
light-out (L-L) curve and the typical lasing spectrum at room temperature of a 8-fold QPhC
D, nanocavity with 7/a ratio of 0.30 are shown in Fig. 3-5(a) and (b). The threshold can be

estimated as low as 0.35 mW. The lasing wavelength is 1499 nm with 25 dB side-mode

AR
suppression ratio (SMSR). The meaﬁsm%&-égfac{ rﬁ% 7,500, which is estimated from the
-".'5-
'\- ilﬁ
measured line-width of 0.20 nnt-&ffé'ar the transpare; naﬁ:__ uq:i_-p power. In order to identify the
=i "m].' s

lasing mode, we fabricate va;l_fo?s 'dewce'er1 h éﬂfferenta 7 1.15at10s from 0.25 to 0.34. The

measured wavelengths of the Esq}g mo&ﬁﬂ@g@,_wnh tl]né-:BD FDTD calculated resonant

_?;? can identify the lasing mode as
iy

frequencies of WGy, 1 mode, as

WG4, 1 mode.

Fig. 3-4: (a) Top-view SEM picture of the designed 8-fold QPhC D; nanocavity. The inset
shows its titled-view image. (b) Titled-view SEM image of 8-fold QPhC D; nanocavities with

lattice periods of eight to four from top to bottom.
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Fig. 3-5: (a) The measured L-L curve of 8-fold QPhC D; nanocavity. The inset shows the L-L
curve near threshold and indicates its threshold as low as 0.35 mW. (b) The measured lasing
spectrum at 1499 nm with SMSR of 25 dB.

0.24 I} WG4,1 Mode Dipole Mode
£ -0 WG21 Mode -7 WG41 Mode (PS)
1 @ Measured

o
(Y]
S

Normalized Frequency (a/A)
R R

024 0.26 028 030 032 034
/a Ratio

Fig. 3-6: Defect modes in normalized frequency of 8-fold QPhC D; nanocavity as a function
of r/a ratio. The PS denotes the phase-shifting mode [61]. The solid spheres denote the
measured data, which match with WG4 | mode quite well.

3-2-2 Side-Mode Reduction Mechanism

Due to the zero field distribution of WG4, | mode shown in Fig. 3-3(b), intuitively, one can
add a central post or a central air hole beneath or inside the nanocavity region without
disturbing the WG4, 1 mode, as the scheme shown in Fig. 3-7(a). In addition, the other side
modes can also be reduced [62] or destroyed due to this disturbance. To understand these
assumptions, we perform FDTD simulation of the 8-fold QPhC D, nanocavity with a central

air hole. The ratio of central air hole radius () over a (r /a ratio) is 0.30. The well-confined

30



WG4, 1 mode is still sustained in the nanocavity region as shown in Fig. 3-7(b). To further
confirm above inference, we compare the lasing spectra from fabricated 8-fold QPhC D,
nanocavities with and without the central air hole. Except the central air hole, the two devices
are both with similar lattice parameters as shown in the SEM pictures in Fig. 3-8(a) and (b)
insets. The measured lasing spectra in dB scale are shown in Fig. 3-8(a) and (b). One can see
that the side mode is greatly reduced and the SMSR increases from 25 dB to larger than 30
dB after adding a central air hole, which agrees with our predictions. Besides, the WGy,
mode is not affected significantly as predicted and the estimated Q factor is 7,000, which is
only a little smaller than that without a central air hole. And this also indicates that the lasing

mode is WG4, mode.

Fig. 3-7: (a) Scheme of an 8-fold QPhC D, nanocavity with central disturbance (air hole
inside or nano-post beneath). (b) FDTD simulated WG4, ; mode profile in electrical field in
x-z and x-y planes in 8-fold QPhC D; nanocavity.
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From the view point of fabrication, theI :igl-rg‘e_ central disturbance implies larger fabrication

tolerance and less sensitivity of: the YVG4, 1 mode t(i the.;ﬂ-central disturbance, air hole or
nano-post. In the former case, large air holel. size would be benefit in serving as
micro-biosensors for catching and detecting virus [23]. In the latter case, with large nano-post
size, there would be lower threshold voltage and better heat dissipation when the central
nano-post served as electrically-driven structure we will investigate in next chapter. As a
result, we also investigate the threshold variation of WG4, ; mode lasing from 8-fold QPhC D,
nanocavities under different central air hole radius from 0.24a to 0.5a and the measurement
results are shown in Fig. 3-9. Significant increase of threshold is observed when central air

hole radius is larger than 0.32a, where WG4, | mode will be destroyed by the large central air

hole.
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Fig. 3-9: Threshold variation of WG4, 1 mode lasing as a function of different central air hole
sizes.

3-2-3 Compact Device Size

We also fabricate 8-fold QPhC D, nanécavity arrays with different cladding lattice periods

from eight to three. The tilted—v_ie(x} SEM pieture-is. 'ShOWlll.u'iI_l Fig. 3-4(b). The plot of lasing

threshold versus number of cladding lattice 'périb_'ds:'_i-s shown'in Fig. 3-10. The threshold of

8-fold QPhC D, nanocavity wi_th-eight lattice p.erinods is 0:71 mW and the lasing wavelength is

1

1454 nm. The higher thresholci'-;of this_ucquQMone- in’Fig. 3-5 is caused by different
gain spectrum alignment. In Fig. 3— I‘(_):, the thresholds a1:é _eihiﬂl-ost the same when the number of
lattice periods is larger than six. Althougﬂ the threléﬁold increases when the number of lattice
periods is smaller than six, the threshold with four lattice periods is 0.95 mW, which is only
36 % increase compared to that with eight lattice periods. With four cladding lattice periods,
the device size is only 3.5 x 3.5 um® as shown in the inset SEM picture of Fig. 3-10, which is
a very condensed device size and suitable for integrating in PICs without affecting or being
affected by other integrated components. Lasing action is not always observed when the
number of lattice periods is reduced to three. We also clarify that the lasing action under very
condensed device size are attributed to both PBG effect from 8-fold QPhCs and TIR effect

from air windows on top and bottom sides of the nanocavity as shown in SEM picture in Fig.

3-4 [63]. To confirm this inference, we simulate the Q factor of WG4 ; mode in 8-fold QPhC
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Fig. 3-10: Plot of WG4, ; mode lasing threshold versus number of cladding lattice periods.
There is only 36 % increase in threshold of 8-fold QPhC D, nanocavity when the number of
lattice periods is reduced from eight to four, which is much smaller than the 130 % of
triangular lattice PC D, micro-cavity. The inset shows the SEM image of the 8-fold QPhC D,

nanocavity with four lattice periods and very condensed size of 3.5 x 3.5 um?.

D, nanocavities with and without.'air windows under the. same lattice period of four. The
simulated Q factors of these two'cases are 3,500 and 2;000, respectively. The simulated results
agree with above inference.

We also fabricate triangular lattice:PhC.microcavity with*similar cavity size formed by
seven missing air holes (D, microeavity) for comparison. The fabricated »/a ratio and lattice
constant are 0.29 and 480 nm. As shown in Fig. 3+10, the thresholds of triangular lattice PhC
D, microcavities with eight, six, and four cladding lattice periods are 0.65 mW, 0.9 mW, and
1.48 mW, respectively. And the lasing wavelength is near 1560 nm, which aligns better with
the gain peak of multi-quantum-wells (MQWs) better than 8-fold QPhC D; nanocavity in this
experiment, and leading to a smaller threshold of triangular lattice PhC D, microcavity with
eight lattice periods than that of 8-fold QPhC D, nanocavity. For the number of lattice periods
below seven, one can see that the thresholds of 8-fold QPhC D, nanocavity are much lower
than that of triangular lattice PC D, microcavity even the lasing wavelength of the former is
much farther away from the gain peak of MQWs. In addition, the threshold of triangular

lattice PhC D, microcavity increases about 130 % from eight periods to four periods, which is
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much larger than the 36 % of 8-fold QPhC D; nanocavities.

In triangular lattice PhC D, microcavity, the lasing mode is similar to 4; mode [51]
instead of WG mode, which is due to the low Q factor (only several hundred or lower) of WG
mode in it [64]. However, a high QO WG, ; mode can be sustained in 8-fold QPhC D,
nanocavity, and its performance is even better than the high O mode in triangular lattice PhC
D, microcavity. Nevertheless, actually, this PhC D, microcavity design can be further

modified to enhance a high O WG mode in it and we will mention this in Chapter 5.

3-3 Circular Photonic Crystal C, Microcavity
3-3-1 Circular Photonic Crystal and Its PBG Effect

In 2003, a microcavity design named annular circular resonator (ACR) is proposed by J.
Scheue and A. Yariv [65, 66]. In"ACR, the cofifinement of the'Circular microcavity is provided
by Bragg reflection of the surrounded annular Bragg distributed reflectors (DBRs) formed by
concentric periodic circular air trenches; which.can.be regarded as 1D PhC microcavity.
Scheme of ACR is shown in Fig. 3-11(a). However, there are two problems in ACR due to the
discontinuous annular Bragg reflector structure. First, the widely used membrane structure
cannot be applied in ACR. Second, the current injection structure cannot be achieved. To
solve this problem, one promising solution is replacing the air trenches by air holes, which is
called circular-PhC (CPhC) lattice, as shown in Fig. 3-11(b). This kind of CPhC lattice could
provide more uniform PBG confinement in different directions, which has been applied in

microcavities [58, 67-69] and low-loss waveguide bends [69-71].

35



eeo e ecee
O RN seee
CRORORO) ecee
oo e ®a9% ¢ 44

° @ ® e
.. ..

ACR with DBR Composed by Air Trenches ACR with CPhC Composed by Air Holes

Fig. 3-11: Scheme of the ACR surrounded by (a) air trenches (DBRs) and (b) the CPhC lattice

composed by the air holes.

In general, the CPhC lattices are arranged to be concentric circles in different formations
including square, triangular, and sunflower type [68]. Scheme of a sunflower type CPhC

lattice we investigate here is shown ngjtgf 3-12, “and the spatial lattice positions on the x-z
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where a and N denote the lattice "(')"@?}b;an and number of h'b concentric lattice periods, which
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are also defined in Fig. 3-12. To 1nvest1'"gate its IPBf} effect, we calculate its transmission
spectrum by 3D FDTD method as we mentioned in Chapter 2-1. A Gaussian dipole source
with 0.366 central normalized frequency is put on one side of the CPhC lattice formed by 127
air holes. Then, the transmitted electromagnetic wave is detected by a detector on the opposite
side. The calculated transmission spectrum of CPhC with @ = 500 nm and 7/a ratio of 0.42 is
shown in Fig. 3-13(a). In this figure, significant PBG region lower than -15 dB transmission

for normalized frequency from 0.29 to 0.354 is observed.
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Fig. 3-12: Scheme of sunflower type CPhC lattice structure and the FDTD simulation setup of

transmission spectrum.

To investigate the PBG isotropy, we rotate the CPhC lattice by an angle 6 with 3°
increment as shown in Fig. 3-12. In the-simulation, we only deal with the case of 8 = 0 - 30°
due to the 12-fold-like rotational symmetry of CPhC. latticé. The normalized frequency of
upper and lower gap boundaries as a function of 0.is.shown m Fig. 3-13(b). The variations of
PBG width and upper and lower boundaries‘compared to the PBG width (defined at 0 degree)
are only 6.7 %, 7.9 %, and 4.5 %, respectively, which shows.the isotropic PBG of CPhC [72].
We also numerically study the PBG directional-variation of triangular PhC for comparison by
the same simulation setup. Its PBG width variation is found to be 10.1 %, which is larger than
that of CPhC. Besides, the transmission depth variation of PhC PBG is about 15 dB, which is
also much larger than 5 dB of CPhC PBG. Thus, above numerical results clearly indicate the
isotopic PBG effect of CPhC. In chasing for threshold-less micro- and nano-laser sources, the
reduction of unnecessary spontaneous emission by the PBG effect becomes a key issue. To
suppress the spontaneous emission efficiently, the directional difference of PBG has to be
relatively small compared to the width of PBG itself [73], that is, the PBG must be isotropic.
As a result, the CPhC with isotropic PBG can be considered as a potential candidate of lattice

structure to realize threshold-less laser sources.
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Fig. 3-13: (a) 3D FDTD simulated transmission spectra of CPhC lattice structure. The
spectrum indicates the PBG region for normalized frequency from 0.29 to 0.354. (b) By
rotating the whole CPhC lattice, the variations of PBG width and upper and lower gap

boundaries are calculated, which are 6.7, 7.9, and 4.5 %, respectively, compared to PBG
width at 6 = 0.

3-3-2 Microcavity Design & Modal Behavior

As a result, we design a microcavity formed by seven missing air holes, named CPhC C,
microcavity, as shown in the scheme in Fig. 3<14. The simulated modal characteristics by 3D
FDTD simulations indicate the*WG mode can be well sustained in this microcavity. Some
lattice parameters are also denoted in Fig. 3-14. The normalized frequencies of calculated
defect modes versus r/a ratio of CPhC C, microcavity are shown in Fig. 3-15(a). Although
lots defect modes exist within the PBG region, we only show WG modes in Fig. 3-15(a),
including WGs, 1, WGg, 1, WGy, 1, and WGg, | PS modes. Their mode profiles in electrical
fields and calculated Q factors are shown in Fig. 3-15(b). High Q factor of 30,000 is obtained
from WGg, | mode. Thus, we will focus on this WGe, | mode in our following experiments and

discussions.
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Fig. 3-14: Scheme and lattice parameters in simulations of CPhC C; microcavity.
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Fig. 3-15: (a) Simulated WG modes in normalized frequency with different »/a ratios of CPhC
C, microcavity by 3D FDTD simulations. The measured results denoted by open circles
indicate that the lasing mode is WGg, ; mode. The FDTD simulated (b) Q factors and (c) mode
profiles in electrical field of WG modes in CPhC C, microcavity.

According to our design, the CPhC C, microcavities with different lattice parameters are
fabricated. Top- and tilted-view SEM pictures of CPhC C, microcavity array are shown in Fig.
3-16. In characterizations, the fabricated microcavities are optically pumped at room
temperature by 845 nm laser pulse with 0.5 % duty cycle in the NIR micro-PL system. The
measured lasing actions are denoted by the red spheres in Fig. 3-15(a) and they clearly

indicate the lasing mode is WGg, ; mode when comparing with the FDTD simulation results.
39



The small difference between simulated and measured results is arisen from the fabrication
imperfections and the inaccuracy when estimating lattice parameters from SEM pictures. The
typical L-L curve is shown in Fig. 3-17(a) and the threshold can be estimated as low as 0.13
mW from the curve. The spectra of near and above threshold at lasing wavelength 1520 nm
are shown in Fig. 3-17(b) and (c). The line-width (4rwmy) of 0.16 nm is obtained by
Lorentzian fitting from the spectrum near the transparency pump level shown in Fig. 3-17(b).

And the measured Q factor of 9,500 can be estimated from the formula of O = 4/ Apwuu.

.
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Fig. 3-16: Tilted-view SEM picture of CPhC C, mig;ﬁc%ﬁty array. Top-view image is also

shown in the inset. 2 a el
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Fig. 3-17: (a) L-L curve and spectra of (b) near and (c) above threshold of WGg, ; mode lasing
action at 1520 nm for a typical CPhC C, microcavity. Its threshold and Q factor are estimated
as 0.13 mW and 9,500 from the L-L curve and the spectrum near threshold.
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3-4 Summary

In this chapter, we propose an 8-fold QPhC D; nanocavity design can well confine a WGy,
1 mode under proper cavity modification. The WGy, | single mode lasing action with low
threshold of 0.35 mW and high Q factor of 7,500 are obtained from the well-fabricated
devices and confirmed by FDTD simulations. A side mode reducing mechanism by inserting a
central air hole in the nanocavity without affecting the WG, | mode significantly is also
proposed and investigated. The SMSR is improved from 25 dB to larger than 30 dB. In
addition, the WGy, ; single mode lasing is obtained under very compact device size of 3.5 x
3.5 um® by reducing the QPhC periods.

Besides, we investigate a novel CPRC. lattice’ structure with isotropic PBG effect in
simulation, which is beneficial to achieve sthreshold-less laser source when served as the
mirror of microcavity. Thus, a,CPhC C, microcavity, sustaining high QO WGe | mode is design
and demonstrated. WGg, | single mode lasing actions with low threshold of 0.13 mW and high

Q factor of 9,500 are obtained.
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Chapter 4

Whispering-Gallery Mode in 12-Fold Quasi-Photonic Crystal Microcavity

In this chapter, we design a D, microcavity design based on 12-fold quasi-photonic crystal
(QPhC), which sustains high quality (Q) factor whispering-gallery (WG) mode in it. The WG
single mode lasing actions with high O factor and low threshold are obtained in experiments.
We also investigate and confirm the strong WG mode dependence on the cavity geometry
both in experiments and simulations. Besides; we propose and demonstrate the WG mode
coupling microcavities based on 12-fold QPhC D, microcavity.

And then we investigate the variations ef-optical and thermal properties of WG mode in
12-fold QPhC D, microcavity*when different nano-posts are inserted beneath the microcavity
both in simulations and experiments.  Fhernano=postrstructure is potential in serving as an
efficient current injection pathway.- The lasing performance degradation and thermal
properties improvements are confirmed by comparing experimental results with the simulated

results.

4-1 12-Fold Quasi-Photonic Crystal D, Microcavity

In Chapter 3, we have used the 8-fold QPhC with high symmetry in designing QPhC
nanocavity. Actually, the higher rotational symmetry level can be achieved by 12-fold QPhC
lattice structure [56]. Scheme of 12-fold QPhC lattice structure is shown in Fig. 4-1(a). From
the FDTD simulated transmission spectrum shown in Fig. 4-1(b), significant PBG effect can

be observed from the two neighboring low transmission frequency ranges. It has been
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Fig. 4-1: (a) Lattice structure of 12-fold QPhCs. (b) 3D FDTD simulated transmission
spectrum of 12-fold QPhC on a 220 nm dielectric slab. Two neighboring low-transmission

region indicate the PBG region.

reported that the large, directionally uniform, and complete PBG effect can be found in
12-fold QPhCs theoretically and experimentally [56, 74]. This directional uniform PBG effect
from 12-fold QPhCs is very beneﬁciz;l for electromagnc;,tic ‘wave propagation and confinement,
which has been reported and de;nonstrated by mietallic periodic structures in waveguide [75,

76] and microcavity [77, 78] applications in microwave range.

4-1-1 Microcavity Designy Simulated, and Measured Modal Properties

Based on this 12-fold QPhC lattice structure, we design a microcavity formed by seven
missing air holes (named D, microcavity). The microcavity design and structure are shown in
Fig. 4-2. The QPhC patterns are defined by air holes on a thin dielectric slab with 220 nm
thickness and refractive index of 3.4. At first, we calculate the resonance modes in this
microcavity by 3D FDTD method. The relationship between hole radius (r) over lattice
constant (a) (7/a) ratio and normalized frequencies of defect modes inside the PBG region is
shown in Fig. 4-3(a). The mode profiles in magnetic field of each defect mode in microcavity
are shown in the insets in Fig. 4-3(c). By evaluating energy decay curve, the Q factor of each
defect mode in the microcavity is shown in Fig. 4-3(b). We obtain a relatively high Q factor of

38,000 from WGg, | mode, which indicates WGg, | mode will be the dominant mode. Besides,
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12-Fold QPhC Lattice

Fig. 4-2: Scheme of 12-fold QPhC D, microcavity. The right insets show the microcavity
geometry and the sustained high O WG, | mode profile in electric field, respectively.
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Fig. 4-3: (a) The plot of simulated defect mode frequency versus QPhC r/a ratio. (b) The
FDTD simulated Q factor of each defect mode. The highest O factor of 38,000 from WG,

mode is obtained. (¢) The FDTD simulated mode profiles in magnetic fields of each defect
mode.

relative to the cavity volume (~ 0.70 um3), a small effective mode volume of 1.6 (/1/n)3 (~0.16
um’) is also confirmed. The simulated WGs,; mode profile in electric field with significant

central zero-field is also shown in the inset of Fig. 4-2.

According to this design, the 12-fold QPhC D, microcavities with different lattice
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parameters are fabricated. Top- and tilted-view SEM pictures of fabricated device are shown
in Fig. 4-4. By performing NIR micro-PL measurements at room temperature, the WGe,
single mode lasing is obtained and identified by comparing the measured results with the
FDTD simulated results. The light-in light-out (L-L) curve and the spectrum of WGg_ | single
mode lasing are shown in Fig. 4-5(a) and (b), respectively. From the L-L curve, we obtain an
ultra-low threshold of 0.15 mW. And from the spectrum near transparency, the spectral line
width is estimated as 0.15 nm by Lorentzian fitting at 1572 nm, which corresponds to a high
O factor of 10,000. We also fabricate triangular lattice PhC D, microcavity laser by the same
process and on the same wafer for comparisons. The Q factor of main lasing mode of PhC D,
microcavity is only 3,000 - 4,000 [79]. The L-L curve and SEM picture of PhC D,

T Lrr

microcavity are also shown in Fig. 4'-5'(Fa) and the irl'ls:.é't.'-The threshold and transparency line

width of PhC D, microcavity las'er Wlth sm_g e ode lasmg a‘s similar wavelength are 0.6 mW

I-

and 0.3 nm, respectively, wh1ch‘ both 1nd1cate thc better perfqrmance of 12-fold QPhC D,

microcavity lasers resulted from the ndi:e._ct;.onally umform PBG confinement provided by

12-fold QPhC and the presence 6f high' @ WGy, T riode. Besides, this threshold of 0.15 mW is

also lower than the 0.35 mW from 8:f0}d QPhC D, haﬁevdé;/ity we presented in Chapter 3.
- ik

Fig. 4-4: Top- and tilted-view SEM pictures of fabricated 12-fold QPhC D, microcavity. The
fabricated 7/a ratio is 0.37.
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Fig. 4-5: (a) Typical L-L curves of 12-fold QPhC D; and triangular PhC D, microcavity lasers.
Their thresholds are estimated as 0.15 mW and 0.6 mW at similar lasing wavelengths,
respectively. (b) Typical lasing spectrum of 12-fold QPhC D, microcavity laser. The lasing
wavelength is 1572 nm and the line width near transparency pump level is estimated as 0.15

nm by Loretzian fitting.

4-1-2 WG Mode Dependence on Cavity Geometry

In micro-disk lasers, it is well known that one can'split or enhance specific WG mode by
shaping the disk, for examples, square, stadium, elliptical, notched micro-disks [80], and
micro-gear (micro-flower) lasers [60, 81]. In micro-gear/ lasers, the spacing of the gears
formed at the edge of microdisk is‘designed to be half of ' WG mode lasing wavelength. And
the specific WG mode with azimuthal lobes match with the gears will be well sustained and
other resonance modes including z-phase shifting mode, WG modes with mismatched
azimuthal lobes, and different order WG modes will be destroyed or weaken. In Fig. 4-2, the
WGg, 1 mode profile has good consistency with the gears formed by the nearest air holes of
the D, microcavity. This may imply the strong mode dependence of WG, ;1 mode on positions
of the twelve nearest air holes.

To obtain more direct evidence for supporting this assumption, we randomly vary the
positions of the twelve nearest air-holes (denoted by red circles, region-4) and the three outer

layer air holes (denoted by blue circles, region-B) separately, as shown in Fig. 4-6(a).
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Fig. 4-6: (a) Scheme of two variation regions, the twelve nearest air-holes (denoted by red
circles, region-4) and the outer air-holes (denoted by blue circles, region-B) in 12-fold QPhC
D, microcavity. (b) The FDTD simulated WGg, ; mode profiles in magnetic field of region-4
case with lattice variation degree from 0 to 5 %. Significant mode distortions are observed

when variation degree is larger than 3 %.

The degrees of variation are from 1 te-7-% of lattice constant with fixed »/a ratio and lattice
constant. In Fig. 4-6(b), we show the FDTD simulated WGg, ; mode profiles in magnetic
fields for the region-A4 case with the variation degree.from 0 te 5 %. One can see significant
mode distortion compared to the original' mode profile -also shown in Fig. 4-6(b). And the
WGs, 1 mode wavelength is also varied significantly when randomly varying the region-4
lattice in FDTD simulations. In contrast, there are no significant mode profile distortions and
wavelength variation in region-B case. Thus, above simulated results indicate the strong mode
dependency of WGg, | mode on the twelve nearest air holes.

In experiments, the lasing spectra of fabricated devices with randomly varying the air hole
positions in region-4 and -B are shown in Fig. 4-7(a) and (b), respectively. The wavelength
fluctuations for the region-4 and -B cases are 20 nm and 2.5 nm, respectively. In the region-4
case, when the twelve nearest air-holes positions are randomly shifted, the original WGg_
mode tends to self-optimize its resonance behavior according to this fluctuation and the

constructive interference condition provided by the nearest air-holes is degraded. However, in
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Fig. 4-7: Measured lasing spectra of devices with different variation degrees from 0 to 7 % in
(a) region-4 and (b) -B. Lasing wavelength variations for the region-4 and -B cases are 20 nm

and 2.5 nm.

the region-B case, it can be treated as the cavity boundary condition (positions of twelve
nearest air-holes) is invariant, leads_to almost the same lasing wavelength and threshold. The
small wavelength variation 2.5 fim in:the region-B case is caused by very slight hole-radius
fluctuations occurred during_theielectron beam: lithography, process. Besides, the PBG
position and width shifts caused by the.dattice fluctuation=can be neglected due to the
relatively large band-gap of 12-fold QPhCs T59].

The statistical measurement results of these-two cases are summarized in Table 4-1. The
number of sampling devices is over 300. For the region-4 case, lasing actions are not always
observed with lattice variation degree 5 %. When the lattice variation degree increases up to 7
%, only 40 % of devices exhibit lasing actions with much higher thresholds (typically, larger
than 0.8 mW) than those without lattice variation. However, for the region-B case, we still
observe lasing actions for 90 % of devices with invariant thresholds when the variation
increases up to 7%. These statistical results, once again, directly indicate the strong mode
dependence of WGg, | mode on the twelve nearest air holes, that is, the microcavity geometry.
This WGe, | mode dependence on microcavity geometry will be an important basis to enhance

WG mode in other PhC-based microcavities that we will investigate in next chapter.
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Table 4-1: Observed lasing actions of 12-fold QPhC D, microcavity lasers with different

variation regions and degrees. Over 300 devices are measured.

Variation 0% 1-4 % 5% 7%
Region-A  100% 100 % 70% 40 %
Region-B 100% 100% 100% 90 %

4-1-3 Coupling Microcavity Devices

Optical coupling microcavity or “Photonic molecules” (PMs) have long been regarded as
good candidates for components with logical functions in PICs due to their special
light-matter interactions, which can be analog to electronic states in chemical molecules and
achieved by micro-spheres [82], micro-cylinders [83], micro-disks [84], and so on. The
simplest and most widely-investigated PM is consisted, of two identical semiconductor
micro-disks sustaining high O WG modes, which exhibits unique behaviors including optical
filtering, switching, bi-stability [85, 86], and se on. Furthermore, this kind of PMs can be
extended to a series of coupling mictocavitiess-that.is, the well-know coupling resonance
optical waveguides (CROWSs) [87, 88] for slow-light or+optical buffer purposes in PICs.
Recently, by using PhC micro- and nano-¢cavities, several PMs and CROWs designs have also
been proposed and reported [89-92] for purposes of slow-light or optical bi-stability.

Due to the lattice structure of 12-fold QPhCs, at first, we design a twin microcavity
composed by two neighboring D, microcavities, as shown in Fig. 4-8(a). From the FDTD
simulations, the confined bonding (denoted as B-mode) and anti-bonding (denoted as 4-mode)
modes based on WG mode are confirmed. The mode profiles in magnetic fields are shown in
Fig. 4-8(b), where the neighboring magnetic fields (mode lobes) are with opposite and
positive signs in anti-bonding and bonding mode, respectively. It is worthy to note that the

phase-shifted states in microdisk PMs [84] will be eliminated in this QPhC design due to the
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Fig. 4-8: (a) Scheme of 12-fold QPhC twin D, microcavity and (b) the FDTD simulated
bonding (B-) and anti-bonding (4-) mode profiles in magnetic fields in it.
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Fig. 4-10: (a) Lasing spectrum of bonding and anti-bonding modes. (b) The plot of simulated
bonding and anti-bonding modes frequency versus QPhC r/a ratio. The purple and blue solid
spheres denote the measured bonding and anti-bonding modes, respectively, which match
with the simulated results quite well.
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Fig. 4-11: (a) Scheme of 12-fold QPhC triple D, microcavity and (b) the PM mode catalog in
it.

microgear effect. From the well fabricated devices shown in Fig. 4-9(a), we obtain bonding

and anti-bonding modes lasing as shown in Fig. 4-10(a).

And then we further promote this y.design to be triple microcavity design
shown in Fig. 4-11(a). Accordin ighbering microcavities, the sustained

respectively, which are identified by comrlng the statistic measurement results with the
simulated results shown in Fig. 4-12(b). This triple coupling microcavity design can be further

extended to be a multi-microcavity design to form a CROW device as shown in Fig. 4-13.
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Fig. 4-12: (a) Lasing spectrum of A4-, AB-, and BB-modes. (b) The plot of simulated A4-,
AB-, and BB-modes frequency versus QPhC 7/a ratio. The solid spheres denote the measured
results, which match with the simulated results quite well.
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Fig. 4-13: Scheme of CROW device based. on a series-of 12:fold QPhC D, microcavities.

4-2 Nano-Post Structure in 12-Fold Quasi-Photonic Crystal D,

Microcavity

Since the first demonstration in 1999 [8], various PhC micro- and nano-cavities with
excellent properties and functionalities have been proposed and demonstrated as we
mentioned before. However, most of them are still operated by optical excitation. To promote
PhC microcavity lasers into industrial applications, the electrically-driven structure is
necessary. Typically, most present PhC microcavities are constructed based on a suspended
slab in air to obtain good optical confinement in vertical direction, which leads to high O

factors. However, to build a pathway for highly efficient current injection on such suspended
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12-Fold QPhCs

InGaAsP MQWs

12-Fold QPhC D, Microcavity
with WGg ; Mode

InGaAs Etching Stop Layer

InP Nano-Post

1. Current Pathway
2. HeatSink

Fig. 4-14: Scheme of 12-fold QPhC D; microcavity with a nano-post beneath. This nano-post

can be served as the current injection pathway and heat sinker at the same time.

structure has long been an arduous task. Actually, this goal can be achieved by inserting a
central nano-post as a current pathwéy .l;)eneath th.ler PhC microcavities [93, 94], which is
similar to the approach in elect_ricé;lly-drivenl ;rx%liqrod.is_k lasérs_[36]. In addition to the current
pathway, the nano-post can also play the 1‘ollcI o';f Irll_'eat'sink fof tﬁp microcavity, which could be
expected to provide the possiB}lity of CQHtiIElOﬁS-Wave (CW)'oiperation due to the improved
heat dissipation. But this point ﬁ'ei_s not been addféss-é(-I and ii}vestigated in experiments yet.

As a result, in this section, rv‘ver in_sert a nano-pbrst beneath the 12-fold QPhC D,
microcavity, as shown in Fig. 4-14. Under different nano-post sizes, we will investigate the

influences on WG modal and thermal properties induced by different nano-post sizes both in

experiments and simulations.

4-2-1 Influences on Optical and Thermal Properties by Nano-Post

At first, we investigate the influence on the WG, | modal behavior caused by the inserted
central nano-post with different post sizes beneath 12-fold D, microcavity. From 3D FDTD
simulations, the plot of simulated O factor and wavelength of WG | mode versus nano-post

size in diameter is shown in Fig. 4-15(a). In the beginning, the O value shows very little
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variation with the increased nano-post size. However, when the nano-post size is larger than
1.6a in diameter, the Q factor degrades dramatically. To further understand this phenomenon,
the electrical field distributions in x-y plane are shown in the inset of Fig. 4-15(a). There is no
significant leaky energy flow through the post observed when the post size is 0.8a in diameter.
However, when the post size increases to 2.4a in diameter, the WG mode is destroyed by the
significant leaky energy flow through the nano-post, which corresponds for the degradation of
QO factor. Also, from the Fourier-transformed electrical fields in x-z plane shown in Fig.
4-15(b), we can observe the significant extra leaky components inside the light cone (black
circle) induced by the larger nano-post size of 2.4a in diameter when compared with that of
0.8a in diameter. Nevertheless, from the simulated results, we can still conclude that there
would be only veryl.6a in diameter.

On the other hand, the nano-post is-expected for. serving as an efficient heat sink. To
further confirm this, we simulate the'thermal behaviors of12-fold QPhC D, microcavity with
slight influences on the WGe 4* mode lasing performance when the post size is smaller than

and without the nano-post benéath by finite-element methed (FEM). The simulation setup

g 10° 1.65
T

1.60
a1w- f
= 5
w B J4ss g
0’1037 a
=

I 11.50

0.8a 2.4 .
10

00 05 10 15 20 25
Nano-Post Size in Diameter (a)

Fig. 4-15: (a) The relationship between the nano-post diameter and Q factor and wavelength
of WG, mode. The Q factor dramatically degrades when the nano-post size is larger than
1.6a in diameter. The insets indicate the energy flows in x-y plane. (b) Fourier-transformed
electric fields in x-z plane when the nano-post sizes are 0.8a and 2.4a, which show the extra

leaky components induced by larger nano-post.
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and scheme of 12-fold QPhC D, microcavity slab formed by Air / InGaAsP / Air is illustrated
in Fig. 4-16(a). The QPhC lattice constant, 7/a ratio, and slab thickness are set to be 550 nm,
0.38, and 220 nm, respectively. To accelerate our simulation, we reduce the simulation
domain to be one-sixth of the whole structure due to the lattice symmetry feature. The initial
temperature of the simulation domain is 300 K and the boundaries are set to be axial
symmetric [95]. Besides, during the simulations, we also find that the contributions of heat
radiation and convection are relative low compared with that of heat conduction, that is, the
conduction dominates the heat transfer behavior [96]. The conductive heat transfer model is

given by:
pxC%—f+V-(—kVT):H (5-1)

where p, k, and C represent the density, thermal conductivity, and thermal capacity of material,
respectively. The H denotes a time- and position-dependent surface heat source we give in the
simulation, which is an exponential decay form related to the absorption coefficient o (~
3.5x10% of InGaAsP material. Referredto our measurément conditions, the pulse width, duty
cycle, energy level, and pump area of H are set to be 25 ns, 0.5 %, 2 mW, and 1 um in radius,
respectively. Coefficients for different materials used in the simulation are listed in Table. 4-2.
The simulated temperature distribution of 12-fold QPhC D, microcavity without nano-post is
shown in Fig. 4-16(b). The highest temperature occurs at the cavity region with a 12.3 K
increase above room temperature (300 K), which is a reasonable value under optical pulse
excitation. On the other hand, the simulated temperature distributions of 12-fold QPhC D,
microcavity with nano-post sizes of 440, 660, and 880 nm in diameter are also shown in Fig.
4-16(b) and the highest temperatures are 310.2, 308.9, and 307.7 K, respectively.

In addition, we also calculate the temperature decay time at the region where WGg_ | mode

most concentrates by first order exponential fitting from the transient solutions. The decay
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time is defined as the time duration for the temperature drop to /e of its highest value. The
results obtained are 53.8, 42.0, 37.0, and 31.5 ns, respectively, which show the fast heat
dissipation due to the presence of large nano-post. To further understand the heat conduction
behavior, the temperature distribution of microcavity with 880 nm nano-post at different times

of 30, 50, 120, and 200 ns are shown in Fig. 4-16(c). In Fig. 4-16(c), the heat flow is mainly

a_ #® g=550nm, r/a=0.38
# Axial Symmetry Boundaries
# Pulse-Excitation Soruce at
InGaAsP Surface (2 mWw,
25 ns, 0.5 % Duty Cycle)

Excitation Source.s

D, Microcavity Air (2 pm)

T, Air (2 pm)
Lo o= InGaAsP (220 nm)

11 pm

Membrane 440 nm Post 660 nm Post 880 nm Post

Fig. 4-16: (a) The scheme of the 12-fold QPC D, microcavity in FEM simulation. (b) The
simulated temperature distributions of microcavities without and with nano-post sizes of 440,
660, and 880 nm in diameter. The temperature decreases when nano-post size increases. (c)
The simulated temperature distributions of microcavity with nano-post size of 880 nm in
diameter when the time is 30, 50, 120, and 200 ns.

Table. 4-2: Coefficients for different materials used in heat transfer simulation (in M.K.S.

unit).
Material p (kg/m®) C (J/kg.K) k (W/m.K)
Air 1.205 1006 0.025
InP 4810 310 68
InGaAsP 5445.2 282.3 39.9
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through the nano-post from ¢ = 30 to 200 ns, which is a direct evidence of thermal
improvement due to presence of the nano-post.

From above simulated results, comparing microcavity without nano-post beneath,
although we can conclude that the better heat dissipation can be obtained by inserting large
nano-post beneath the microcavity, the tolerable nano-post size is still limited to 1.6a in

diameter when considering Q factor degradation we simulated previously.

4-2-2 Nano-Post Fabrication

To form different nano-post beneath the 12-fold QPhC D, microcavity, the wet-etching
step in standard fabrication process has to ,lr?ei-' we,ll controlled The temprature of diluted HCI

solution is fixed at 2 °C to slow d@f)m-the InP etchmg"'faféﬂ.whlch is estimated to be 1.05 um
.ﬁ =

per minute along <-1, 0, 0> gfr'gc‘uo% of [IH T?ﬁqﬁt}l.te&'rl, 'and cross sectional-view SEM

pictures of fabricated 12-fold- (%PhC D2 mlcrg;eyﬁfty ‘with {t_qentral nano-post beneath are
o .".-
shown in Fig. 4-17. In Fig. 4-r-t"7' theﬁfabfl-f:w-p st Jb&n be identified from the white
-;J ' h'l- =3 'F L I.ll!
shadow due to the electron accﬁ'tﬂ’lr.atlon in the top f\gl‘g\{ EEM picture or directly observed
‘ ll ko

-.-v-r

LF
from the tilted-view SEM pictures. And"\#e'.?d,eﬁ'ﬂel'ltﬁe effective nano-post size D as twice the

distance from microcavity center to the outermost position occupied by the nano-post instead

Fig. 4-17: Top-, tilted-, and cross sectional-view SEM pictures of fabricated 12-fold QPhC D,
microcavity with central nano-post beneath are shown from left to right. The nano-post
beneath the microcavity can be easily identified and observed. The fabricated 7/a ratio is 0.34.
(Courtesy of Wei-De Ho, Department of Photonics, National Chiao Tung University)
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of the real size of nano-post, as shown in the left-most figure of Fig. 4-17. This is for the
purpose of fairly estimating the influence on WG mode induced by the nano-post. Besides, by
fine-tuning the wet etching time and air hole radius seperately, we can control and obtain

central nano-posts with different nano-post sizes from 1.4 pm to 200 nm in diameter.

4-2-3 Measurements of Modal and Thermal Properties

In measurements, the fabricated 12-fold QPhC D, microcavity without and with nano-post
sizes D = 200, 420, 900, and 1300 nm are used for characterizations. Under optical
pulsed-pumping at room temperature, we obtain lasing actions from above devices. The
measured L-L curves, lasing spectra above, and.near thresholds of microcavity without and
with nano-posts D = 420 and 900 nm are shown in"Fig. 4-18, Fig. 4-19(a) and (b),
respectively. Comparing the lasing properti€s| of microcavities without nano-post and with
nano-post D = 420 nm (~ 0.8.a), their thresholds-are both estimated as 0.35 mW from L-L
curves in Fig. 4-18 and the measured. O factor.slightly degrades from 10,000 to 8,000 as
shown in Fig. 4-19(b). Besides; we also obtain W@Gg % mode lasing action from the
microcavity with small nano-post D = 200 nm|(~ 0.4 a) and with O ~ 9,500, which is almost
the same as that of the microcavity without nano-post. On the other hand, when D increases to
900 nm (~ 1.7 a), the threshold increases to 1.2 mW and the Q factor degrades to 5,800.
Finally, when D further increases to be larger than 900 nm, the WGg_; single mode lasing is
not observed anymore. The measured lasing performance degradation quite agrees with the
trend of our simulated results presented in Fig. 4-15. It is also worthy to note that when the
nano-post size comes close to the cavity size, in our case, 1.2 to 1.4 um in diameter, the
microcavity becomes an asymmetric structure. In this case, we observe the lasing mode

hopping form WGg, ; mode to the WG3,, mode at
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Fig. 4-18: L-L curves of 12-fold QPC D, microcavities without and with nano-posts when D =
420 and 900 nm. The thresholds are estimated to be 0.35, 0.35, and 1.2 mW, respectively.
Tilted-view SEM pictures of microcavities with nano-post D = 420 and 900 nm are also
shown.
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Fig. 4-19: (a) Lasing spectra above thresholds of mmicrocavity without and with nano-post D
=420 nm. (b) Spectra below (~ 0.8 times) thresholds of microcavity with different nano-posts.
The measured Q factor decreases from 10,000 to 5,800 when D increases from 0 to 900 nm.
(c) The angular plots show the measured WGg_ ; mode polarizations before (left) and after

(right) inserting the nano-post with low polarized ratios of 2.2 and 1.5.
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Table. 4-3: Lasing properties of 12-fold QPhC D, microcavity with different nano-post sizes.

Nanopost Size (nm) QO Factor Threshold (mW) Mode
0 10,000 0.35 WGg, 1

200 9,500 0.35 WGg, 1

420 8,000 0.35 WGg, 1

900 5,800 1.20 WGg, 1

1300 3,200 3.20 WG;,

shorter wavelengths with increased thresholds of 3.2 to 5 mW and degraded measured Q
factors of 2,500 to 3,000. The measured lasing properties of 12-fold QPhC D, microcavity
with different nano-post sizes are summarized in Table. 4-3.

In Fig. 4-19(c), the measured WG, | mode polarizations show low polarized ratios
(defined as maximum over minimum’collected power) of 2.2 and 1.5 before and after
inserting the nano-post. Although the polarized direction .is changed after inserting the
nano-post, the little variation in polarized ratio!still indicates slight influence on WGs, 1 mode
caused by the inserted nano-post. Besides; these low polarized ratios also indicate the
uniformity of our fabrication process due to the-low.symmetry breaking [94, 97]. In fact, the
ideal WG mode in the photonic crystal-microcavity is un-polarized (i.e. polarized ratio is
equal to 1) due to its well balanced inner symmetry of the mode and the cavity boundary
(nearest air holes). However, in real case, this symmetry can be easily destroyed by
perturbations, mainly from fabrication imperfections of nearest air holes. Thus, the WG mode
will become polarized and the polarization degree (polarized ratio) will increase with the
perturbations. Thus, small polarization degree indicates less fabrication imperfection and
better uniformity of fabricated air holes of the sample.

It is also worthy to mention that the observed rolling-off phenomenon under increased
pump power level with different nano-post sizes. From the L-L curves in Fig. 4-18, the fast
rolling-off due to poor heat dissipation of the membrane structure is observed. And it is

significantly improved when inserting the nano-post with D = 420 nm. Furthermore, when D
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increases to 900 nm, the rolling-off effect disappears under the similar pump level and
indicates the improvement of heat dissipation as we predicted by FEM simulations. To obtain
more evidences about this improvement, thermal characterizations are performed and
analyzed in the following.

In the thermal measurements, to observe significant heat dissipation improvement, the
12-fold QPhC D, microcavity with nano-post size equal to the limitation of 1.6a (~ 830 nm)
we conclude previously is used. At first, we change the substrate temperature of the
microcavity by a temperature controlling system we mentioned in Chapter 2-3-2. WGg, |
single-mode lasing action can still be obtained when the substrate temperature is as high as 70
°C, which is higher than the temperature limitation of 52 °C from 12-fold QPhC D,
microcavity without nano-post. Thistobserved lasing action at high substrate temperature of
70 °C is also better than thoseé in PhC-membrane microcavities with larger and similar
microcavity sizes [95, 98], whichican be attributed to the extra heat sink provided by the
nano-post beneath. The measured L-L [curves of WGe 1 mode lasing when the substrate
temperature is varied from 20 to, 70. °C.are shown in Fig. 4-20(a). The threshold increases

exponetially with the increased substrate temperature. This is reasonable because there would

1.5

1.0

Intensity (a. u.)
Wavelength Shift (nm)

@ with Nano-Post

v ijp Power (m;n . 20 Sul:?gtrat:"?'empstlfratufi](’t:)?b
Fig. 4-20: (a) L-L curves of microcavity with nano-post size D = 830 nm under substrate
temperatures of 20, 35, 50, 60, and 70 °C, respectively. (b) The lasing wavelength variation
plot when the substrate temperature is varied from 20 to 70 °C. The red-shift rate is about
0.050 nm / °C, which is smaller than that (0.086 nm / °C) of microcavity without nano-post

beneath.
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be extra injected carrier wasting in non-radiative surface recombination, which leads to the
increase of threshold when the substrate temperature increases. In addition, from Fig. 4-20(a),
the decrease of slope efficiency monotonically with increasing substrate temperature also
supports above inference.

We also observe the lasing wavelength red-shift when the substrate temperature increases
from 20 to 70 °C with 2 °C increment, as shown in Fig. 4-20(b). In Fig. 4-20(b), we obtain
total lasing wavelength red-shift of 2.5 nm, which corresponds to 0.050 nm / °C red-shift rate
by linear fitting. For comparison, we obtain the red-shift rate of 0.086 nm / °C from 12-fold
QPhC D; microcavity without nano-post as shown in the same figure, which is larger than
0.050 nm / °C of microcavity with nano-post under the same pump condition. Thus, we can
conclude that the nano-post plays the role of heat sink and improves the heat dissipation
indeed.

Due to the improved thermal properties obtained.in experiments above, we then increase
the duty cycle of pump source-for the goal.of CW operation. The measured L-L curves when
the pump duty cycle is varied from 0.5t9*16.0"% are shown.in Fig. 4-21(a). When the pump
duty cycle is increased to 8.0 %, the threshold-increases as shown in Fig. 4-21(b) but there is
no significant change in slope efficiency compared with that when the pump duty cycle is 0.5
%. However, when the pump duty cycle further increases to 16.0 %, the threshold increases to
1.0 mW and the slope efficiency decreases significantly, as shown in Fig. 4-21(a). The
increase of threshold and decrease of slope efficiency could be both attributed to the similar
reasons of the degradations due to the increased substrate temperature mentioned in the
previous paragraph. Besides, we also observe broadened spectral line width with increased
pump duty cycle near threshold as shown in Fig. 4-21(b), which directly indicates the increase
of microcavity temperature with the increase of pump duty cycle. When the pump duty cycle
further increases to 20.0 %, the WGg, 1 mode lasing action is not always observed and the

MQWs are destroyed when the pump duty cycle is larger than 20.0 %. Although the CW
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Fig. 4-21: (a) L-L curves of microcavity with nano-post beneath under different pump duty
cycles from 0.5 to 16.0 %. (b) The relationships of the pump duty cycle versus the spectral
line width and the threshold. Both spectral line width and threshold increase with the

increasing pump duty cycle.

operation is not available in this study, it is evident that the nano-post plays an efficient heat
sink and improves the thermal performances of 12-fold QPhC D, microcavity. Thus, we still
believe the CW operation can be obtained by this design with optimizations, for example,
MQWs gain peak (near 1550 nmat room temperature) alignment with the microcavity
resonance, improvement of fabrication imperfections, and so on:

Up to date, various excellent PhC nano- and micro-cavities operated in CW mode have
been demonstrated [12, 22, 99, 100]. Hewever," most of them still lack proper
electrically-driven approaches. As a result, based on this nano-post structure, we believe the
realization of electrically-driven PhC microcavity laser under CW operation can be strongly

expected. The nano-post can play the roles of current pathway and heat sink at the same time.

4-3  Summary

In this chapter, we investigate the resonance behaviors of 12-fold QPhC D, microcavity
by 3D FDTD method. High simulated and measured Q factors of 38,000 and 10,000 from
WGg, 1 mode are obtained in FDTD simulations and experiments, respectively. From the

well-fabricated devices, we obtain and identify the WGs, | single mode lasing with low
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threshold and high Q factor of 0.15 mW and 10,000. We also investigate and confirm the
strong WGe, 1 mode dependence on the cavity geometry both in experiments and simulations
by randomly varying the positions of twelve nearest air-holes and outer air-holes separately.
Besides, we design and demonstrate twin and triple 12-fold QPhC D, microcavities, which
could be served as the basis of constructing CROW devices in PICs. In experiments, we
successfully obtain and identified the PM modes in each design.

On the other hand, WGe, ; mode with significant zero-field distribution region can be a
good mode candidate for microcavity laser with nano-post for electrical driving. By FDTD
and FEM method, we investigating Q factor degradation and heat dissipation improvement of
WG, 1 mode induced by different nano-posts beneath the microcavity. According to the
simulated results, we can conclude that there will be the best performance when the nano-post
size is equal to 1.6a in diametet: By well=controlled wet-etching process and proper pattern
design, we fabricate microcavitieés  with various nano-post.sizes. In measurements, the
measured WG mode lasing performance degradation.due to different nano-posts agrees with
the FDTD simulated results. For experimental thermal -characterizations, the WG | mode
lasing action from microcavity with nano=pest-size D= 830 nm is still observed when the
substrate temperature is as high as 70 °C. And we also obtain lower lasing wavelength
red-shift rate of 0.050 nm / °C than that from microcavity without nano-post beneath when
varying the substrate temperature. Besides, the WG, 1 mode lasing action is still observed
when the pump duty cycle is up to 16.0 %. Thus, we believe the realization of
electrically-driven PhC microcavity laser under CW operation can be strongly expected based
on this post structure, where the nano-post plays the roles of current pathway and heat sink at

the same time.
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Chapter 5

Whispering-Gallery Modes in Photonic Crystal-Based Micro- and
Nanocavities

In this chapter, base on the strong whispering-gallery (WG) mode dependence on cavity
geometry we investigated in Chapter 4, we propose a photonic crystal (PhC) circular-shaped
microcavity sustaining a high quality (Q) factor WG mode. The modal properties and lasing
actions of sustained WG mode are investigated and obtained in numerical simulations and
experiments, respectively. Due to the presence of WG mode, we initiatively investigate the
uniform coupling property between the microcavity .and the: different inserted waveguides
geometries both in simulations and experiments. Besides, ih numerical simulations, we
propose an idea of applying this. PhC.mierocavity design on.a double-layered structure for
serving as a highly sensitive optical stress micro-sensor.-In the end of this chapter, we propose
a nanocavity design sustain the lowest order WG mode with ultra-small mode volume based

on square PhC lattice.

5-1 Photonic Crystal CD, Microcavity

So far, we have investigated and demonstrated various WG modes lasing actions in
microcavities formed by various quasi-PhC (QPhC) lattices in Chapter 3 and 4. In
measurements, all of them show the properties of high O factors and low thresholds. However,
when considering the integration in photonic integrated circuits (PICs), this kind of QPhC
microcavity is difficult to integrate with the present PhC-based system due to its spatially
non-periodic lattice structure. Although it is possible to realize PICs by QPhC waveguide
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system [55, 101], many further investigations are required. To overcome this difficult
situation, one realistic approach is to enhance or well-localize WG modes in PhC microcavity
by some modifications. And the strong WG mode dependence on the cavity geometry
(positions of twelve nearest air holes) in 12-fold QPhC D, microcavity we investigate in

Chapter 4 provides us a design direction to enhance WG mode in PhC D, microcavity.

5-1-1 Microcavity Design & Simulated Modal Prperties

According to the WG mode dependence on cavity geometry, it is possible to sustain a WG
mode in PhC D, microcavity by modifying the twelve nearest air holes positions as the way in

12-fold QPhC D, microcavity. The scheme olf our (design is shown in Fig. 5-1. The PhCs are
lF'r.. )r Ly -;- E-rjl'-h’l! .

formed by air holes on a thin dlelepﬁrloslab and the or'fglﬁal PhC D, microcavity is formed by

..- i - ‘_,-"H"l !
removing seven air holes. The 'f)osm?ns QE jg;liiyia qqafest gn?‘ holes are rearranged to be the
I_ II - | =N _- :I
same with those of 12-fold Q?hC D, mlcrocava.tyc"l“ hus s1xf o-f them are shifted inward and
I— & .f-' ' i -1
the others are shifted outward " Thel rkig.focamy—Ls-Je n}inied as PhC circular-D, (CD»)
A LI

microcavity due to its cavity shape-; _gs shown in Fig. 5-1. e ;*;

‘l_‘.\.i'::.‘ -'i-r‘r:...f'
I!‘uulr‘L ﬁ\l il-

CD, Microcavity

Thin Dielectric Slab (220 nm)
Photonic Crystal (Air Holes)

Fig. 5-1: Scheme and cavity design of PhC D, microcavity. The microcavity is modified from
PhC D, to CD; microcavity by shifting the twelve nearest air holes inward or outward to

make the spacing between air holes equal to one lattice constant.
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To confirm this design, we apply three-dimensional (3D) finite-difference time-domain
(FDTD) method to simulate the WG modal characteristics in PhC CD, microcavity. The
designed lattice constant (a) and the air-hole radius (r) over a (/a) ratio are 500 nm and 0.34.
The refractive index of the dielectric material (InGaAsP) is set to be 3.4. The simulated
electric- and magnetic-field distributions of sustained WG, ;1 mode whose lobes match with
the gears formed by the twelve nearest air holes are shown in Fig. 5-2(a)-(c). From the mode
distribution in the x-z plane, one can observe a significant zero-distribution region at the
center of the microcavity. It is also observed from the electric field in the x-y plane that only a
very small fraction of energy radiates into vertical directions due to the modal cancellation
[102] of WG mode, which contributes to its high O factor. This can also be seen from the
electric-field distribution in the Wave=i7'e.c‘;;)r (k) sl;aée}l')yu F ourier transformation, as shown in
Fig. 5-2(d). Only very few leaky componentﬁuare 1n51de the 11ght cone. The simulated Q factor

| O T
and effective mode volume are 36,000 and 1:6_(_25/;1) respectlvely We also calculate other

i

resonance modes in PhC CD; » Tt

Fig. 5-2: 3D FDTD simulations of WGe, 1 mode in PhC D, microcavity. Electric-field
distribution in (a) x-z and (b) x-y planes. (c) Magnetic-field distribution in the x-z plane. (d)

WGe, 1 mode electric-field distribution in k-space by Fourier transformation.
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Fig. 5-3: (a) Plot of normalized frequency versus PhC 7/a ratio of the resonance modes in PhC
CD; microcavity by 3D FDTD simulations. The hollow circles, squares, and triangles denote
the measured lasing actions from devices with lattice constants from 490 to 510 nm. (b) The
measured resonance spectrum from well-fabricated device with lattice constant and 7/a ratio
of 500 nm and 0.33, respectively. The gain region of MQWs is indicated by the shadow

region.

microcavity within our designed: range. The plot of normalized frequency of the resonance

modes versus PhC 7/a ratio is shown'in Fig. 5-3(a).

5-1-2 Measured Lasing Action:&:Mode-ldentification

The scanning electron microscope” (SEM)i pictures of well-fabricated PhC CD;
microcavity by the fabrication process are shown in Fig. 5-4. The fabricated microcavities are
optically pulse-pumped at room temperature and WGg_; single mode lasing action is obtained.
The typical light-in light-out (L-L) curve of PhC CD; microcavity with a = 500 nm and »/a
ratio ~ 0.33 is shown in Fig. 5-5(a) and the threshold can be estimated as 0.24 mW. The
typical lasing spectrum at wavelength 1536 nm is shown in Fig. 5-5(b). We also show the
spectrum near 0.8 times threshold in Fig. 5-5(c). The line width AAgwm, is estimated as 0.15
nm by Lorentzian fitting, which corresponds to Q factor of 10,000 by A / Aldpwmy in
experiments [103]. Besides, the side-mode suppression-ratio (SMSR) of 18 dB is estimated

from the spectrum in Fig. 5-5(d). In Chapter 3, we have proposed a simple approach to
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increase SMSR by inserting a central air hole in the microcavity to destroy other resonance
modes without affecting the WG mode. However, this approach cannot be applied here
because the main side mode observed in longer wavelength in Fig. 5-5(d) is WGs, ; mode.
Nevertheless, the side mode reduction can be still achieved by other loss mechanism
managements [104, 105].

In mode identification, to confirm the lasing mode is WGs | mode, we increase the

sensitivity of the optical spectrum analyzer to collect the weak radiations from other
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Fig. 5-5: (a) Typical L-L curve and (b) lasing spectrum at 1536 nm of PhC CD, microcavity
laser. The threshold can be estimated as 0.24 mW from the L-L curve. The measured Q factor
can be estimated as 10,000 from the line width of 0.15 nm in (c) the spectrum near threshold.
The SMSR is also estimated as 18 dB from (d) the lasing spectrum in dB scale.
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resonance modes of the microcavity. The measured lasing spectrum in decibel scale is shown
in Fig. 5-3(b). Comparing it with the 3D FDTD simulation results in Fig. 5-3(a), we obtain a
very good match and clearly identify the lasing mode as WGg,; mode. Almost all resonance
modes are observed and identified except for WG7, | mode near the gain region edge of
multi-quantum-wells (MQWs). Besides, statistical measured lasing actions with a =490 - 510
nm and 7/a ratio = 0.32 - 0.36 are also obtained and denoted by hollow circles, squares, and
triangles (different shapes mean different lattice constants) in Fig. 5-3(a), which also match
with the FDTD simulated results quite well. The slight normalized frequency differences
between measured and simulated results are arisen from the fabrication imperfections and the

estimation inaccuracy from SEM pictures.

5-1-3 Uniform Coupling,Properties

The PhC-based microcavity-waveguide structure [106, 107].is an important basic building
block for various applications in PICs; such. as-optical intérconnectors, couplers, optical
buffers, and so on. Moreover, itsis also a critical approach to convert most present PhC
microcavity lasers with vertical emissions 'to in-plane emissions in planar PICs. One of the
key issues is the efficient coupling between the cavity and the waveguide. For efficient
coupling, not only the mode frequencies but also the spatial mode distributions of cavity and
waveguide should match with each other. Recently, A. Faraon et al. [108] and K. Nozaki et al.
[109] have investigated high coupling efficiency between PhC single-defect waveguides and
high O PhC L; microcavity and point-shifted nanocavity, respectively. However, the coupling
efficiencies are not uniform in different inserted waveguide geometries due to the specific
resonance direction of the mode. This would be an un-neglected problem under some specific

designs where multiple input/output ports are needed.
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Fig. 5-6: FDTD simulated WGg, ; mode profile reveals that the evanescent field of each lobe

propagates along twelve different directions from the microcavity.

Based on PhC CD, microcavity, we propose our initiative design to solve this problem. It

WLl
can be found that the evanescent ﬁgﬁ% G, 1 mode propagates along twelve

.

shown in Fig. 5-7(a) by two-dimensional (2D) FDTD method with approximated index of 2.7.

The separation between the cavity and waveguide is properly chosen as two lattice periods for
the purpose of high transmission. Under the parameters of @ = 500 nm and r/a ratio = 0.36,
the detected transmission from the output port is around 60 %. The propagating field
distribution and transmission spectrum are shown in Fig. 5-7(b) and (c), respectively. The
transmission is defined as the ratio of the detected powers five lattice period distance after and
before the microcavity. The transmission is also optimized by varying »/a ratio from 0.28 to
0.36. The highest transmission is over 90 % when r/a ratio = 0.30 - 0.32, as shown in Fig.
5-7(d). The propagation loss caused by the PhC waveguide has been considered and

normalized.
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Fig. 5-7: (a) Scheme of waveguide-cavity-waveguide coupling system based on PhC CD,
microcavity with different waveguide geometries. (Different output ports, numbered as port 1
- 10) (b) Propagating field distribution and (c) transmission spectrum of 44 type coupler with
r/a ratio of 0.36. (d) Optimization —of transmission vetsus 7/a ratio. The maximum

transmission appears when »/axatio.= 0.30 - 0:32.

To initiatively confirm the uniform’ coupling -characteristic in different propagating
geometries corresponding to each WG modal lobe, we calculate the transmissions of
geometries with the same input 4 but different output ports numbered 1 to 10 as denoted and
shown in Fig. 5-7(a). The r/a ratio is set as 0.32 according to the optimization result. The
simulated transmissions and wavelengths of different geometries are summarized in Table.
5-1. In Table. 5-1, the transmissions are found to be in the range of 91 — 93 %, which
indicates the uniform coupling in different waveguide-cavity-waveguide geometries. We also
calculate the transmission of an inserted output waveguide between ports 5 and 6 for
comparison, and we find that for WG | mode, the transmission dramatically decreases to
lower than 2 %. It is necessary to notice that we do not consider A4;; type because this
geometry will involve additional coupling effects for the wave propagation in the parallel

waveguides [110] and make the analysis more complicated.
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Table. 5-1: Transmissions and wavelengths of different waveguide-cavity-waveguide

geometries named A; to 4 type.

Type Transmission  Wavelength Type Transmission  Wavelength
A 91.9 % 1586.4nm Ag 90.9 % 1586.2nm
Ao 91.5 % 1586.3nm Ay 92.9 % 1586.3nm
Az 91.9 % 1586.3nm Ag 91.3 % 1586.3nm
Ay 92.5% 1586.3nm Ag 91.8 % 1586.3nm
As 93.0 % 1586.3nm JANT 92.9 % 1586.3nm

Fig. 5-8: (a) Scheme of A, coupier with pbwé} splifﬁtirl'g ;fun.éztiQn and (b) its propagating field
distribution. The output powers of port 4 and port & are almost the same with 42 %

. B ) - i
transmission. . bt il .
i |

Based on the uniform coupling Ii'rd'p.e’:_rty3 we a_l}_o de'si;gn a coupler with one input port 4
and two output ports 4 and 8 named A, type as shown in Fig. 5-8(a). Almost the same
transmission of 42 % in each output port is achieved and the propagating field distribution is
shown in Fig. 5-8(b). This indicates that PhC CD, microcavity with WG | mode combined
with PhC waveguide is very suitable in designing PhC-based components that need multi-port
functions.

To investigate this uniform coupling property in experiments, we fabricate PhC CD,
microcavities with three different geometries. The SEM pictures and lasing spectra near
threshold are shown in Fig. 5-9(a)-(c). The measured Q-factors degrade to around 6,900,

6,700, and 7,000 from the Lorentzian fit line width of 0.220, 0.225, and 0.215 nm near 0.8
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Fig. 5-9: (a)-(c) SEM pictures and measured lasing spectra near threshold of PhC CD,
microcavities with three inserted waveguide geometries. From left to right, the Lorentzian fit
line widths degrade to 0.220, 0.225, and 0.215 nm, respectively.

times threshold for the three cases. This uniform degradation also indicates the uniform
coupling behavior in different cavity-waveguide geometries. We can conclude that this
microcavity ~provides us more flexibility "and freedom in designing various

waveguide-cavity-waveguide ge_orhet‘ries forzapplications in+PICs due to its uniform coupling

property. . 4= E -

|

5-2 Photonic Crystal CD; Microcavity for Stress Sensor Applications

Due to the high Q factor [9, 16] rand small ‘modé lvolume [11-13] in PhC micro- and
nano-cavities, they are potential in achieving advantages of highly sensitive, portable,
condensed, and so on, for serving as optical sensors. Very recently, highly sensitive optical
index and particle sensors have been investigated and reported by several groups [19-23,
111-113] based on PhC micro- and nanocavities with ultra-small mode volume and high QO
factors, which are potential in chemical sensing and biological labeling [114, 115]. On the
other hand, optical stress sensor is another important component in mechanical and
semiconductor applications, especially in micro-electromechanical systems (MEMS).
Although some interesting optical stress sensor designs based on PhCs or PhC waveguides

have been reported [116-120], the designs based on high Q micro- or nano-cavities are still
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difficult to find in literatures and the sensitivity of present designs can be further improved.

5-2-1 Principle of Optical Stress Sensor

In optical stress sensors, according to the measured optical property change due to the
structural variation, one can estimate the applied stress that leads to the corresponding
structural variation. Among present reports of PhC optical stress sensors, we can roughly
classify them into two categories by the detected optical property variations, optical spectrum
and intensity. In the former one, researchers can measure the optical transmission spectrum
shift caused by the displacement between PhC membranes [116] or by the elongated cavity
length in microcavity-waveguide system on cantilever and suspended PhC membranes [117,
118] to estimate the applied stress-on these structures. In the latter one, researchers can
measure the transmitted optical’ intensity degradation due to' the waveguides misalignment
[119, 120] caused by the applied stress. However, in real case, there will be larger inaccuracy
in measuring optical intensity variation than.optical.spectrum-shift. Thus, estimating applied
stress by optical spectrum shift would be a better and promising approach.

Generally, at first, researchers can find the relationship between the applied stress and the
corresponding structural variation of their designed structure, for example, membrane
displacement in ref. [116] and elongation of microcavity in ref. [117]. And then the
relationship between the structural variation and the corresponding optical spectrum shift will
be addressed. According to these two relationships, one can estimate the applied stress by the
measured optical spectrum shift and decide how small the detectable stress variation per
wavelength unit is. And the minimum detectable stress variation 0F can be defined in newton
unit instead of that per wavelength unit by considering the minimum spectral resolution of the
measured light wave, which is decided by the measured optical line width in spectrum, or

equivalently, QO factor. Thus, we can define a simple equation to illustrate this relationship:
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AF Ad A A
F' = — X —X—=—— (5-1)
Ad A Q SWQ

where AF / Ad represents the applied stress needed to cause specific structural variation and
Ad / A4 represents the structural variation needed to cause specific optical spectrum shift,
respectively. And the notations of 4, and 1 / Q represent the wavelength and optical line-width
in spectrum, respectively. Therefore, except for small AF / Ad and Ad / A4, high Q factor of
the measured light wave is also necessary to achieve small JF. For simplicity, in the following
investigations and discussions, we define factors of S = A4d / AF and W = A\ / Ad to represent
the structural variation rate due to thevapplied stress and wavelength shift rate due to the

structural variation, respectivelys.And the of;can be expressed as 4 / SWQ as in equation

(5-1).

5-2-2 Structure Design, Simulated ModalBehaviors,.and Sensing Resolution

We propose a double-layered (DL) Ph€-membrane microcavity design with air-gap
distance d, as shown in Fig. 5-10, based on the PhC CD, microcavity with WG ; mode
proposed in Chapter 5-1. The PhC CD; microcavity design and WG, ;| mode profile in
electric-field are both shown in the insets 4 and B of Fig. 5-10. At first, the modal properties
of DL PhC membrane microcavity are investigated by 3D FDTD method. The simulated
domain is 24a x 24a x 12a with a/16 computed grid size. And the PhC r/a ratio, lattice
constant, and d are set to be 0.32, 420, and 440 nm, respectively. The simulated bonding and
anti-bonding modes profiles in electrical field in x-z plane based on WG | mode are shown in
Figs. 5-11(a) and (b), which can be analog to the electronic bonding and anti-bonding states in
chemical molecules. This “photonic molecule” design has been widely considered and

investigated as the key component to construct logical PICs in different micro-structures as
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we have mentioned in Chapter 4-1-3. This DL structure can be realized by MEMS
technologies [120] and is potential for integrating in PICs.

As we mentioned before, at first, we need to know the wavelength shift rate W= 44/ Ad
arisen from the structural variation first. In our design, the air-gap distance d between the
membranes is the structural variation parameter. In 3D FDTD simulations, d is varied from
165 to 660 nm. The relationship between d and the simulated resonance wavelength are
shown in Fig. 5-11(c), which can be directly analog to the relationship between energy states

and distance between atoms in chemical molecules. In Fig. 5-11(c), due to the weakened
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Fig. 5-11: The simulated mode profiles in electric-field in x-z plane of (a) bonding and (b)
anti-bonding modes. (¢) The simulated wavelengths of bonding and anti-bonding modes
versus the air-gap distance d.

77



waveguide evanescence coupling when these two membranes become far apart, the optical
mode will tend to act like the original WGg_ ; mode in single membrane and the wavelength
difference between the bonding and anti-bonding modes becomes smaller when d increases.
Thus, there will be different wavelength shift rate W under different d and the W factor will
decrease when d increases. The calculated I factor at different d is shown in Fig. 5-12 for the
bonding mode. For example, the W factors are found to be 0.235 and 0.007 nm optical
spectral shifts of bonding mode for 1 nm air-gap d decreasing when the initial 4 = 165 and
550 nm, respectively. These values are higher than previous reports [116-118], which also
indicate the strong optical spectral response of this DL structure in serving as an optical stress
sensor. As a result, we can say that high sensitivity (small 6F) can be achieved in our design
by choosing small d (large W factor)..However, as we mentioned in equation (5-1), in terms of
optical properties, the JF is not only determined by the /" factor but also by the Q factor.
Thus, we calculate the Q factors of bonding and-anti-bonding modes when d = 440 nm.
We obtain high QO factors of 75,200 and 22,700 from bondimng (QOponding) and anti-bonding
modes, respectively. The formet_one 1s even higher than/that of WGs,1 mode (~ 36,000) in
original PhC CD, microcavity. Again, according to equation (5-1), high Q factor is benefit to
obtain small J0F. Therefore, in the following investigations, we will focus on the bonding
mode with high QO factor. The simulated Qponding With d varied from 165 to 660 nm is shown in
Fig. 5-12. There are two main effects on Qponaing variation, waveguide evanescence coupling
between two PhC membranes and optical coupling to transverse magnetic (TM) mode due to
the symmetry breaking for individual PhC membrane. For small d, TM mode coupling will
contribute extra optical loss and lead to low Q factor smaller than that in original PhC CD,
microcavity. TM mode coupling loss decreases when d increases, and we observe a
continuous increase of Q factor. When d is too large, O factor decreases due to weakened
waveguide evanescence coupling. As a result, in Fig. 3, we obtain a maximum Qponding Of

110,000 when d = 550 nm. Although the highest Oponaing 1s available when d = 550 nm, the W
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Fig. 5-12: The simulated Qponaing (0pen circle) for air-gap distance d varied from 165 to 660

nm. High Qponding ~ 110,000 is obtained when d = 550 nm. The wavelength shift rate /¥ (open

square) under different d is also presented, which decreases when the two membranes become

far apart. The original Q factor (~36,000) of WG, | mode in single-membrane PhC CD,

microcavity is also denoted by the red horizontal dash-line.

factor at this d value is smaller‘than the-cases with small d* Since the JF in equation (5-1)
depends both on the Q and W factors; we can conelude there will be an optimal design range
for small 0F according to the trade-off between OQponding and theV factor.

So far, we have investigated and obtained the wavelength shift rate W and Oponging under
different d. And then we will find the relationship between the applied stress and
corresponding structural variation by finite-element method (FEM) [121] simulations. We
present a DL geometric design named bridge-with-wings (BwWs), as shown in Fig. 5-13.
Both membranes are with thickness of 220 nm and other designed dimensions are shown in
Fig. 5-13. In this BwWs geometric design, the PhC microcavities and the point stress are
defined and applied on the wing and bridge regions, respectively. Two wings with PhC
patterns are designed in Fig. 5-13 due to the need for structural balance and only one wing is
needed in stress sensing. The structural behavior of above structure with BwWs geometry will
be calculated according to Young’s module by FEM and the simulation setup is illustrated as
the following. The material is assumed to be isotropic, linear, and elastic. The applied point

stress F' and supporting are located at the center and two ends of the bridge, respectively,
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according to the scheme in Fig. 5-13. The structural responses are calculated by solving
material elasticity matrix according to Hoke’s Law under Mindlin assumption. Some
important parameters of silicon and InGaAsP, including Young’s modulus (Y)), Poisson ratio
(0), density (p), and thermal expansion coefficient (7), are listed in Table 5-2.

When we design the membrane geometry, two characteristics should be concerned to keep
the unnecessary optical influence on PhC microcavity minimum when the stress is applied on
the membrane to change the air-gap distance d. First, the air-gap displacement Ad in
z-direction in PhC microcavity region should be as uniform as possible to ensure the linear
relationship between F and 4d. Second, the torsion in x-y plane should be as small as possible

to eliminate the elongation of PhC microcavity and distortion of PhC lattice structure, which

LELY
may cause unwanted optical losses, sq@g.?éhPB'G{ T%\ factor degradation, and so on. From
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Fig. 5-13: Scheme of DL PhC microcavity in BwWs geometry. The applied stress and PhC

patterns are located in bridge and wing regions, respectively.

Table. 5-2: Material parameters for silicon and InGaAsP used in FEM simulation.

Material p (kg/m’) Y, (Pa) o T (1/K)
Silicon 2330 1.31x10"! 0.27 4.170x10°°
InGaAsP 4914 6.27x10"° 0.35 4.791x10°°
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sufficient in-plane PBG confinement, the PhC region should be at least 10 x 10 pm”. Thus,
the uniform Ad and torsion-free in 10 x 10 pm?® PhC region are required.

The simulated 4d and torsion distribution when ' = 50 nN are shown in Fig. 5-14(a) and
(b). The 10 x 10 pm® PhC region mentioned above is indicated by the white dash-line
enclosed region. In Fig. 5-14(a), the maximum displacement Ad,,,. ~ 26.5 nm appears at the
edge of the wing. The maximum displacement difference (Ad,uux - Adnin) of 3.3 nm in the PhC
region is along the y-direction and the uniformity 4d’ in the PhC region is only 6.6 %. In Fig.
5-14(b), significantly, the torsion mainly distributes in the bridge region and is close to zero in
the wing. This torsion-free on the wing region is mainly arisen from the width design of neck
region as shown in Fig. 5-13. When the width of neck region decreases, the torsion will
distribute in the bridge region and mot extend into the wings. This also indicates the x-y
elongation in the PhC region due to-torsion can be ignored in this design. Besides, the
separation of stress-applying region and stress-sensSing region,also provides large tolerance

and freedom in operation.

a. 2.65x10°% b . 4.43x107
{m) (rad.)

0 -4.43x107

Fig. 5-14: The FEM simulated (a) air-gap displacement 4d and (b) torsion distribution of the
InGaAsP BwWs geometry when F = 50 nN. The PhC pattern is also denoted by the white

dash-line enclosed region. The torsion-free regions appear on the wings.
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Fig. 5-15: (a) The simulated relationship between the applied stress and air-gap displacement
Ad. The relationships of BwWs geometry for silicon and InGaAsP materials are presented. (b)
The calculated minimum detectable stress variation JF for the BwWs geometry under

different air-gap distance d.

From the FEM simulation results of above DL BwWs geometry, we can obtain the
relationship between the applied stress 4" and the air-gap_displacement 4d, as shown in Fig.
5-15(a). The calculated structural variation rate S of the BwWs geometry is 0.507 nm / nN.
We also use silicon material on the same structures.for comparison. The simulated result is
also shown in Fig. 5-15(a). The calculated .S factor of the BwWs geometry is 0.229 nm / nN,
which is twice smaller than that'using InGaAsP material. . This means that we can have twice
structural response for applied stress by wusing InGaAsP instead silicon under the same
geometric design. This is mainly attributed to large Young’s modulus of silicon, as listed in
Table 5-2.

Thus, according to equation (5-1) and combining FEM and FDTD simulations, we can
obtain oF from the BwWs geometry when d is varied from 165 to 660 nm, as shown in Fig.
5-15(b). The smallest oF is only 0.95 nN when d = 165 nm. We also find that the JF can be
maintained nearly constant at a low value around 1 to 2 nN under a large range of initial d
from 165 to 440 nm as indicated by the shadow region in Fig. 5-15(b), which provides a large
design and fabrication tolerances in keeping high sensitivity for initial d inaccuracy after
fabrication. Because of the large structural response S and optical response W, the smallest 6F

value in this DL design is decided by the line width (Q factor) of the WG mode. Certainly,
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depending on application requirements, the JF smaller than nN level can be achieved by
applying other ultra-high Q micro- and nano-cavity designs [9, 10] to the DL structure. Thus,
we believe this DL structure PhC microcavity design is potential and promising in
demonstrating ultra-high sensitivity optical stress sensors with large design and fabrication

tolerances.

5-3 Photonic Crystal Point-Shifted Dy Nanocavity

Due to the abilities of strongly controlling photon flow in wavelength scale, various 1D
and 2D PhC nanocavities with ultra-small mode volume close to (1/2n)° and high QO factors
have been proposed and demonstrated, [41-13,1224124]. These nanocavities with ultra-small
mode volumes are not only promising in constructing nano-scale optical laser source in PICs
but also the essential of achieving threshold-less nano-lasers. Besides, it is also beneficial for
enhancing interactions between light and matters in quantum-electro-dynamic researches.
However, most mode candidates in above tepotts are-mono-pole modes, which leak of proper
current injection approaches. In Chapter.4, we have shown the strong potential of WG mode
in achieving electrically-driven micro-laser sources by inserting a nano-post beneath the
microcavity. Thus, in this section, we propose a square lattice PhC points-shifted nanocavity
sustaining a lowest order WG;, | mode with ultra-small mode volume and large nano-post

tolerance.

5-3-1 Dy Nanocavity Design & Simulated Modal Properties

Typically, square PhC lattice has smaller PBG effect comparing with that of triangular
lattice. To make sure that the defect mode will be well-confined by the PBG effect, at first, we
calculate the band diagram of square lattice PhC by 3D plane-wave expansion (PWE) method.

The simulated band diagram of square lattice PhC with »/a ratio of 0.38 is shown in Fig.
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5-16(a). The PBG mapping extracted from the band diagrams of different 7/a ratios is shown
in Fig. 5-16(b). From Fig. 5-16(b), we can observed the large PBG effect when the 7/a ratio is
larger than 0.36 and the PBG width is proportional to the #/a ratio. Although large PBG could
be obtained when 7/a ratio is larger than 0.40, the PhC structure become fragile in fabrication
due to the enlarged air hole radius. Thus, the 7/a ration of square PhCs will be chosen as 0.38
in the following researches.

The simplest nanocavity design based on square lattice PhC is the single-defect D,
nanocavity by removing an air hole, as shown in Fig. 5-17(a). Typically, a lowest order WGy, |

mode will be sustained in this nanocavity design, which has been investigated [38, 125].

Recently, it has been reported that local lattice shifting in 1D or 2D PhC lattice can create
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Fig. 5-16: (a) PWE simulated band diagram of square lattice PhCs with 7/a ratio = 0.38. (b)
The PBG mapping under different lattice orientation with »/a ratio = 0.30 — 0.40.

Fig. 5-17: Scheme of square PhC (a) single defect and (b) points-shifted Dy naocavities.
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section, we propose a nanocavity design in the similar approach, as shown in Fig. 5-17(b). In
Fig. 5-17(b), four central air holes sizes are shrunk to be r’ in radius and the positions are
shifted outward to form a nanocavity region, named points-shifted Dy nanocavity.

In 3D FDTD simulations, three defect modes are found in Dy nanocavity, including WG, 1,
dipole, and monopole mode. The relationship between simulated defect mode frequency and
r’/a ratio of PhC Dy nanocavity are shown in Fig. 5-18(a). All defect modes lie inside the
PBG region as shown in Fig. 5-18(a). The FDTD simulated mode profiles in electrical fields
of each defect mode are also shown in Fig. 5-18(b).

We also calculate Q factor and mode volume variation of WG;, | mode under different » /a
ratios, as shown in Fig. 5-19(a). In Fig. 5-19(a), we can find the maximum Q ~ 14,000 and
minimum mode volume ~ 5.6 (AM/2n)*when 7*/a = 0.30. The calculated Purcell factor of WG,,
| mode under different » /a ratio‘is alse shown in Fig. 5-19(b)? The maximum Purcell factor of
1,500 is also obtain when r/a = 0:30. It is worthy to note that the mode volume of WG,
mode in this Dy nanocavity design is smaller than that (~ 6.4 (A/2n)’) of in D; nanocavity

shown in Fig. 5-17(a).

Monopole
-0~ WG, Mode
-A- Dipole
1 o= rmrBG
m PEG

r-XPBG

Monopole

R34

Normalized Frequency (a/1)

0.226 030 032 034 036
r'/a Ratio

Fig. 5-18: (a) The plot of simulated defect mode frequency versus r /a ratio in square PhC Dy
nanocavity. (b) FDTD simulated WG, i, dipole, and monopole mode profiles in
electric-fields.
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Fig. 5-19: (a) The simulated Q factor (open circles), mode volume (open squares), and (b)

Purcell factor of WG;, | mode in Dy nanocavity under different » /a ratios.

Then we further investigate the tolerance of WG, ; mode when inserting a nano-post
beneath the Dy nanocavity. The simulated Q factor and wavelength of WG, | mode under
different nano-post sizes are shown ingFig. 5-20(a). There is significant degradation and
variation in Q factor and wavelength when-nane-pest size: is larger than 0.6a in diameter.
When nano-post size is 0.6a, the O factor is still larger than 10,000. From the electrical field
distribution of WG, ; mode in wave-vector space under nano=post size of 0.4a and 0.8a in
diameter shown in Fig. 5-20(b)ywe can observe significantleaky components induced by the
nano-post inside the light cone. We. also show simulated Q factor variation of dipole and
monopole mode in Dy nanocavity with different nano-post sizes Fig. 5-20(a). Their Q factor
both degrades to be smaller than 1,000 when the nano-post size is 0.6a in diameter.

Comparing with WG, | mode in square PhC D, nanocavity, the Q factor of WG;,; mode
in D; nanocavity degrades significantly when nano-post size is larger than 0.4a. When
nano-post size increases to 0.6a, the Q factor degrades to be 5,000, which is lower than that of
WG, | mode in Dy naocavity. The simulation summary of WG, 1, dipole, monopole mode in
Dy, and WG;, | mode in D; nanocavities under different inserted nano-posts beneath are

shown in Table. 5-3.
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Table. 5-3: (a) Q factor, (b) mode volume, and (c) Purcell factor of WG, ;, Dipole, monopole
mode in PhC Dy nanocavity, and WG;, ; mode in PhC D; nanocavity under different inserted

nano-posts beneath.

d.

Q Factor
| PostSize | Monopole | Dipole | WG,, | Single WG |
0.0a 11,236 2,195 13,821 16,390
03a 10,511 2,076 12,831 16,069
b 0.6a 386 607 9,847 5,187 C
Mode Volume V ( (A/2n)? Purcell Factor F
00a 2.33 4.13 5.58 6.43 0.0a 2,936 323 1,504 1,550
03a 2.34 4.15 5.59 6.52 03a 2,725 304 1,395 1,499
06a 2.82 4.12 5.54 6.51 0.ba 83 90 1,081 484
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From above simulation results, we can conclude that the WG, ; mode in our Dy
nanocavity design has smaller mode volume than that in D; nanocavity. Most importantly, in
this design, the sustained WG, ; mode has larger tolerance when inserting a nano-post
beneath than that in D; nanocavity. This large nano-post tolerance is very important in
achieving good electrical and thermal properties when applying nano-post in

electrically-driven structure, as we mentioned in Chapter 4-2.
5-3-2 Measurement Results & Discussions

According to the design, we fabricate square PhC D, nanocavities with different lattice

parameters. Top-view and zoom-in SEM picture of typical fabricated PhC Dy nanocavity are

shown in Fig. 5-21(a). However, m measurements we obtain dipole mode lasing actions

o -”.

instead of WG,, ; mode after comparrng the rfreflsured results with the simulated results shown
i b ) .

in Fig. 5-18. A typical single rrrode lasmg spectrum at 1415 nm.rs shown in Fig. 5-21(b). The

possible reason of that we d0'. not ,oli>se_r\_./e the WG, mode lasing is the fabrication

imperfections. As we mentione'd_--in Ch‘af?t.er 4-1, there is 'ra_7very strong dependence on the

cavity boundary (nearest air holes pdsiﬁehs)_ for- WG mode. Once the nearest air hole position
[ B

is fluctuated due to fabrication imperfections, the Q factor of WG mode will be affected and

degraded significantly. This effect will be more serious in a relatively small cavity like Dy

Intensity (a. u.)

1300 1400 1500 1600
Wavelength (nm)

Fig. 5-21: (a) Top-, tilted-view and zoom-in SEM picture of fabricated square lattice PhC Dy
nanocavity. (b) Typical lasing spectrum form Dy nanocavity with » /a = 0.29.
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nanocavity design here. Thus, to obtain WG, ; mode lasing actions, the fabrication
imperfection, especially the nearest air hole positions, should be further optimized in the

following works.

5-4 Summary

In this chapter, at first, based on the strong WG mode dependence on cavity geometry, we
propose a PhC CD; microcavity sustaining a high O WGe, | mode. In experiments, we obtain
and identify WG, mode lasing actions with high Q factor of 10,000. Due to the presence of
WGg, 1 mode, by the uniform transmission in simulation and Q degradation in experiments,
we confirm the uniform coupling preperties between the microcavity and the inserted
waveguides in different geometries.

Besides, in numerical simulations, we also propose an idea of applying above PhC CD,
microcavity on a double-layered structure for.serving as a highly sensitive optical stress
micro-sensor. The optical and+structural ‘responses-are investing by 3D FDTD and FEM
simulations. By the proposed sensing formula, the optical stress sensor with sensitivity of 0.95
nN is obtained.

In the end of this chapter, we propose a point-shifted nanocavity design sustain the lowest
order WG;, | mode based on square PhC lattice. The smaller effective mode volume of
5.6(A/2n)’ and larger inserted nano-post size tolerance of 0.6a than those of WG,, | mode in
typical square PhC D; nanocavity are confirmed in 3D FDTD simulations. This design is
potential in achieving electrically-driven nano-laser with good electrical and thermal

properties.
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Chapter 6

Conclusions & Future Works

6-1 Conclusions

In this dissertation, photonic crystal (PhC) based micro- and nano-cavities sustaining
whispering-gallery (WG) modes are proposed and investigated, including design, fabrication,
and characterizations. At first, in Chapter 2, we introduce the well established related research
resources, including numerical simulation tools and facilities for designing various PhC
devices, high quality nano-fabrication process on III-V semiconductor materials, and high
spectral and spatial con-focal micro-photoluminescence system with various accessories for
versatile measurement requirements.

In the beginning of this= dissertation, we" design -and fabricate various micro- and
nanocavities based on quasi<PhC (QPhC);=including 8-fold QPhC D,; nanocavity and
circular-PhC D; microcavity. The sustained WG modes_in these cavities are confirmed both in
simulations and experiments. Due to the"isotropic photonic band gap (PBG) confinements,
WG mode lasing actions with high quality (Q) factors and low thresholds are obtained, which
are potential in serving as active laser sources in photonic integrated circuits (PICs). Based on
8-fold QPhC nanocavity, we also investigate several interesting properties, including side
mode reduction, compact device size, and so on.

Following researches in Chapter 4, based on the designed 12-fold QPhC D, microcavity,
we successfully obtain WG, | mode lasing actions with high Q factor of 10,000 and ultra-low
threshold in experiments. We also investigate the strong WG, ;1 mode dependence on the
microcavity boundary, which is the design basis of enhancing WGs | mode in PhC micro- and

nano-cavities. Besides, due to the zero-filed node of WG, ; mode profile, the inserted
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nano-post beneath the microcavity can be served as an efficient current pathway and provides
a very promising and potential solution in electrically-driven structure. We fabricate different
nano-posts under the 12-fold QPhC D, microcavity and investigate the optical and thermal
properties. According to simulation and measurement results, we conclude an optimized
nano-post size (1.6 times lattice constant in diameter) beneath the microcavity without
significant laser performance degradation and with significant improved thermal properties
due to the presence of nano-post.

Due to the reason of integrating in PhC-based PICs, based on the strong WGg, | mode
dependence on microcavity boundary we investigate in Chapter. 4, we successfully project the
12-fold QPhC D; microcavity boundary to a PhC D, microcavity and enhance a
well-sustained WGg, | mode. WG, inmode lasing actions with high O factor of 10,000 is
obtained and confirmed in experiments -and:simulations. Dueto multi-directional resonance of
WGg, 1 mode, supposing this. PhC CD, microcavity plays the role of optical transistor in
planar PICs, the uniform coupling propetties in different cavity-waveguide geometries are
investigated and confirmed by "uniform.© degradation .in experiments and transmission in
simulations. This property is very beneficial-in-PICs needs multi-port in/outputs. Based on
this PhC CD, microcavity, in applications, we propose a double-layered structure to construct
a highly sensitive optical stress sensor by the modal variation due to the gap variation
between two layers. By a series of FDTD and FEM simulations, we completely present this
idea and obtain high stress sensitivity of 0.95 nN.

In the end of this dissertation, we also propose a Dy nanocavity design by locally shifting
the lattice cells based on square PhCs. A lowest order WG, | mode is well sustained in this
nanocavity. The smaller effective mode volume of 5.6(A/2n)’ and larger inserted nano-post
size tolerance than those of WG, ; mode in typical square PhC D; nanocavity are confirmed

in 3D FDTD simulations. These properties indicate the potential of realizing a nano-laser

91



source in PICs, which is also expected for good electrical and thermal properties in electrical

driving.

6-2 Future Works & Suggestions

In this dissertation, although the basic WG modal properties in various PhC and QPhC
micro- and nano-cavities have been demonstrated and investigated, many further
investigations are needed to promote these devices into real applications.

In Chapter 3-2, we propose the approach of inserting a central air hole in the nanocavity,
which is served as the side mode reducer to increase side-mode suppression ratio. In addition
to a side mode reducer, this central air hole can alsorbe served as the sensing core in index or
bio-sensors. Due to the environmental analyte influences on the WG modal energy extends
into the central air hole, the corresponding optical, variation can be observed and used for
sensing functionality. By integrating with the tniform coupledswaveguides we investigate in
Chapter 5-1, the optical sensor module with input/output could'be realized in passive system.

In Chapter 4-2, we have investigated the optical-and thermal properties when inserting
nano-posts beneath the 12-fold QPhC D, microcavity. This nano-post structure is very
potential in achieving electrically-driven QPhC microcavity lasers. In the following works,
the current injection structure and the related fabrication processes have to be designed and
developed. Besides, the 12-fold QPhC D, microcavity has not optimized yet. By proper
optimizations, the trade-off between Q factor and heat sink should be further improved. Thus,
the nano-post size tolerance could further increases and improves the heat sink. As a result,
the electrically-driven QPhC microcavity laser under CW operation can be strongly expected

in near future.
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