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Abstract

We calculated the resonance spectra and tesonance mode profile of the 12-fold
quasi-Periodic photonic crystal ‘microcavity Laser with bottom DBR and 12-fold
quasi-Periodic photonic crystal migrocavity.laser with central post by 3-dimension
finite-difference time-domain method.. These help.us to optimize our photonic crystal laser.
And two kind of novel asymmetric 12-fold"quasi-periodic photonic crystal microcavity Laser

were designed.

In fabrication, we introduced the procedures for two different structures. In the bottom
DBR structure, the wafer fusion technology was developed. And the photonic crystal pattern
was defined on the bonded sample successfully. In the central post structure, the different size
of central post is achieve by well design photonic crystal pattern and different wet etching

process time.

The basic characteristic of 12-fold quasi-periodic photonic crystal microcavity Laser
with central post were measured by a micro-scale photoluminescence system, Furthermore,
the characteristic were compared with different post size and membrane structure. From the

measurement, we observe the influence of the central post.

il
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Chapter 1 Introduction

1.1 Introduction to Photonic Crystal

Photonic crystals [1], i.e. materials with periodically modulated refractive indices, have
attracted much attention in recent years. One of the most important features in photonic
crystal is the photonic band gap (PBG) effect which is analogous to band gaps or energy gaps
for electrons traveling in semiconductors. This characterization was addressed by Eli
Yablonovitch (Bell Communication Lab) [2] and Sajeev John (Princeton University) [3] in
1987. This indicated that the spontaneous emission will be forbidden if the PBG overlaps the
electronic band edge. The electromagnetic. wave propagation inside a photonic crystal
structure is forbidden in some or all directionssfor a certain frequency range due to the PBG
effect. According to this concept, we can-design photonic crystal to control the optical

properties of materials.

While electronic device is reaching its maximum possible potential, photonic devices
have unique properties that have yet to be exploited. The vision of miniaturized photonic
devices will be realized only when we can sufficiently manipulate light on the sub-micrometer
scale similar to what has been achieved on electrons in semiconductor devices. Photonic
crystals have emerged as feasible solutions to answer this need for a wide range of devices. Its
offers our human beings the possibilities and abilities to controlling the flow of photons,
moreover, to construct and realize many nanoscale applications such as all-optical

communication systems, quantum optical devices, and optical integrated circuits
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Figure 1.1: The schematic illustration of one-, two-, and three-dimensional photonic

crystals. Different color represents different dielectric constant.

These artificial structures canrbe classified "systematically by one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D)7" periodic arrangements of dielectric
materials as shown in Fig. 1.1. Th¢ basic‘ éxam‘ple of I-D photonic crystal is distributed Bragg
reflectors (DBRs) which consist of altemnating Iéyers of material with different dielectric
constants in specific direction. Bragg diffraction in these periodic arrangements results in light
interference manifested PBG, where certain frequencies of electromagnetic propagation are
inhabited. This 1D photonic crystal, therefore, can act as a perfect mirror for light with a
frequency within a sharply-defined gap. For example, in the Fig. 1.2, the DBRs are consisted
by high and low indices material of 1/4 A thickness and the calculated reflectivity of the
structure is with a narrow band gap prohibiting light propagation through the plane between

the light wavelengths from 900 to 1070 nm.
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Figure 1.2: A typical calculated reflectance spectrum for the GaAs/AlAs pairs DBR center

at 975nm. The schematic of this DBR structure is shown in right inset.

The 2D photonic crystal, -gé shdwnip?t_he Flg 1.3, can be formed by a periodical
arrangement of solid rod in the a;r' ‘or-air ho‘les‘ in the high refractive indices substrate. 2D
photonic crystal is now being widely studied. In fabrication, the use of E-beam lithography to
define pattern is the main stream. And then some dry and wet etching processes are used to
realize 2D photonic crystal structure. In 3D photonic crystal fabrication process, chemical
self-assembly is mostly used.. And there are many application have been shown as photonic

crystal fiber (PCF) ~ photonic crystal laser ~ photonic crystal waveguide and LED

With proper design, the medium can expels photons with certain wavelengths and wave
vectors. Such a structure acts as an insulator of light, some gap map of such structure are
show in Fig. 1.4. The insert shows the photonic crystal design pattern. Typically, we can

separate 2D photonic crystal lasers into two different geometry, square lattice [5, 6] and

triangular lattice [7, 8].
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Figure 1.3: The schematic illustration of 2D photonic crystals formed by (a) dielectric rod

and (b) air hole slab. Different color represents different dielectric constant.
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1.2 Photonic Crystal lasers

So far, we mention about the idea of PBG effect which means standing waves of
electromagnetic waves can be formed within a periodic structure whose minimum scale is in
the order of wavelength. By introducing point or line defect in the periodic photonic lattice as
shown in Fig. 1.5. One can give rise to some localized modes within the band gaps and hence
allow people to confine and manipulate the flow of light in these structures. This behavior is
analogous to that seen in crystalline semiconductor thereby making photonic crystals
excellent candidates for PBG and defect engineering. For above reason, in the past decades,

various photonic crystal devices have been proposed and investigated.

The recent notable contributions of PCs to. improvement of the existing common
semiconductor light sources including reéplacement of the cleaved laser facets with PCs [9],
enhancement of vertical extraction efficiency.in LEDs [10], reduction of refractive index in
vertical cavity surface-emitting lasérs (VCSELs) to improve the optical lateral confinement
[11], and so on. When integrated with sub micrometer scale light emitters and detectors, these
components could eventually lead to the realization of functional ultra-small high-density
photonic integrated circuits [12] and wavelength division multiplexing (WDM) system in

communication systems application [13].



(a) (b)
Figure 1.5: (a) A photonic crystal point defect is formed by single or more missing air holes.
This is widely used to construct the photonic crystal micro-cavities. (b) A photonic crystal line
defect is formed by removing one or more rows of the air holes. This kind of defect has been

widely used in low-loss photonic crystal waveguide

2D photonic crystals with atrlangulal; Ila,i;‘uceofzﬂlr holes in membrane structure [14, 15]
have used to study photonic crys;’rt_g'ir m1c'roca,lxq,t;ue.ffects.'I A microcavity laser with a wide range
of tailored modes excitable by the'::'ééti%g_layc?f wlt}fm the cavity can be created by removing
several selected air-holes lattice, or modifying the parameters of the inner holes near cavity
region [15]. These structures have rather capable of confining light within microcavities with
expressive high quality factors as a result of quai-3D light confinement. As the Fig. 1.6 shown,
quai-3D light confined with the in-plane confinement provided by the PBG and the vertical
confinement by total internal reflection (TIR) provided by the air cladding. But in recent years,
there are some different design methods for photonic crystal lattice, such as circular-periodic

photonic crystal and quasi-periodic photonic crystal (QPC), to achieve further low-threshold

and high quality factor.
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1.3 Motivation

Various photonic crystal lasers have been reported with improved properties [16]—[20].
However, most of them are pumped optically. As a candidate for the electrically pumped
structure, the introduction of a small post at the center of the cavity is suggested [21]. If a
small post is positioned at the intensity minimum of a mode, characteristics of the mode will
hardly be changed, and electric current can be injected through this post [22]. Also, it is
possible in this structure to select only modes with a node at the post and obtain a better heat
sink. As a preliminary step to the electrical pumping, the photonic crystal slab structure with a

post is studied with optical pumping.



As mention before, if a small post is positioned at the intensity minimum of a mode,
characteristics of this mode will hardly be changed. In this thesis, we design 12-fold QPC
microcavity with whispering gallery mode (WGM). One calculated mode presents zero-order
radial WGM profile with azumithal number 6 (W6) mode, as shown in Fig. 1.7, which agrees
with the results in Ref. 23. W6 mode is a very potential mode due to its high quality factor
[over 200000 (Ref. 24)] contributed to the good consistency with the cavity geometry. More
important, its central node with zero field distribution is quite suitable for electrical injection
structure. Integrated above characteristic, 12-fold QPC microcavity laser is an ideal candidate
for electrical pumping photonic crystal laser. In this thesis, we will focus on the asymmetry
2D photonic crystal structure as a platform for a variety of microcavity lasers. And discuss the

effect after the introducing of bottom DBR and central post.

Contour Map of Hy at cT = 1310.72 pm

| PN

e . I C

Z (um)
o
1

Figure 1.7: The magnetic field mode profile of WGM, with azumithal number 6 (W6

mode), which is calculated by 2D FDTD method.



1.4 An overview of this thesis

The basic theory of our design, simulation results, procedures of fabrication,
photoluminescence (PL) measurement results and devices analysis were included in the
following chapters. The simulation results of asymmetric 12-fold QPC microcavity laser were
introduced in chapter 2. Fabrication procedures were demonstrated in chapter 3. And the
problems in fabrication were also discussed in detail. In chapter 4, the basic lasing
characteristics of 2D photonic crystal lasers are measured by a near-infrared (NIR)
micro-photoluminescence (micro-PL) system. Besides, the measurement results were further

compared and analyzed.

Chapter 2 ModalAnalysis:of Asymmetric 12-fold
QPC Microcavities

2.1. Introduction

There are two different types of photonic crystal microcavity lasers discussed in this
chapter. One is 12-fold QPC microcavity with bottom DBR structure, and the other is 12-fold
QPC microcavity with central post. In this thesis, we mostly focus on 12-fold QPC
microcavity with central post. The fabrication process of these two structures will be

discussed in chapter 3.

At first, we will describe the theory and structure of our devices structure in detail. We
use several numerical analysis methods to verify our designs and measurement results. The

resonance modes in microcavity and its mode profile were calculated by finite-different



time-domain (FDTD) method. The simple theory of simulation will be discussed and

simulated result will show in the latter of this chapter.

2.2. Simulation method

2.2.1. Finite Difference Time Domain Method

FDTD is a method that numerically calculates the space and time changes in the

electromagnetic fields of light. By this technique, an analytical finite space including the

objective structure is divided into small cubic cells called Yee’s cells with edges of Ax =Ay =

Az as shown in Fig. 2.1. Using the difference between the two principle Maxwell’s equations,
wi AR .

each x, y and z component of the,fﬁl!é"ptriq r1'¢1d Vecf@; and the magnetic field of every cells is

~ =105 %
calculated in turn at every short time in‘ice__ryglf"At: il -
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Figure 2.1: Calculation model and Yee’s cell



When we are examining the differential from Maxwell’s equation, it can be seen that the
time derivate of the electric field is relate to the Curl of the magnetic field. As we know, the
change of the electric field is dependent on the change of the magnetic field in the space. So is
similar to magnetic field. This results in the basic FDTD equation means the new value of the
electric field is associated with the old value of the electric field and the difference in the old
value of the magnetic field on either side of the electric field point in space. We could use Fig.
2.2 to represent the relationship between the electric field and magnetic field. This can be
simplified to state that the change in the E field (the time derivative) is dependent on the
change in the H field across space (the Curl). This description holds true for 1D, 2D, and 3D
FDTD techniques. When multiple dimensions are considered, the difference in space must be
considered in all appropriate dimensions. And a condition called the absorbing boundary is
usually assigned to an electromagnetic field at the terminating boundary condition so as not to

cause a reflection of the field and thereby return to the-original analytical space.

(n-1/2)At @A (nt1/2)At (n+1)At

Figure 2.2: Temporal division of E and H components
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2.2.2. Mode Analysis by 3D FDTD Method

In the purpose to analysis lasing modes in our structures, we apply 3D FDTD method to
calculate the resonance modes spectrum and their profiles. In this section, we will simply
describe our simulation method and show how to simulate the resonance mode spectrum and

its lasing mode profile.

12-fold QPC microcavity scheme with a=450 and r/a=0.36 is show in Fig. 2.3. With
proper setting of slab index (3.4) ~ slab thickness (220 nm) and cavity formation, we can
approach the real case in our microcavity. A calculated result of resonance mode spectrum is
show in Fig. 2.4, several resonance peaks are observed. The peak at 1375nm is WGM. With

proper design of our microcavity, we can makesthis resonance peak has good alignment with
A e 73

A L
. . " R, s
the gain spectrum in order to make ’WF ) ‘;lga,sl-{rg mode.
"_V-CI wa LA !'I
= | x|

Slab thickness : 220 nm
Slab index :3.4

Lattice constant (a) :450 nm
Air hole Radius (r) : 162 nm

r/a ratio :0.36

Figure 2.3: The scheme and simulation setup of 12-fold QPC microcavity. The circles and
square denote the air holes and the slab. The smaller rectangular in microcavity is the time

monitor.
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Figure 2.4: The calculated spectrum of resonance modes in 12-fold QPC microcavity with

lattice constant of 450 nm and r/a ratio of 0.36 is show.

There are three kinds of field element distribution we can get after the calculation which
are Y component of magnetic field,; X and_Z_component of electric field. Thus, we can
calculate the total electric field and-analyze the mode characteristic. From Fig. 2.5, we can
clear observe the WGM with a zero mode distribution in both electric field and magnetic field
and the standing wave is formed in the nearest air holes of a micro-gear like cavity. This
well-confined WGM profile in magnetic field with azimuthal number six of the modified
microcavity is obtain. And the numbers of lobes are match with the number of gears as shown

in Fig.2.5.
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Figure 2.5: The calculated (a) Ex (b) Ez and (c) Hy field component of 12-fold QPC

microcavity (d) The total E field distribution by fusing-Ex and Ez field component.

And for graphical illustration of the vertical loss, the momentum space intensity

distribution [25] obtained by Fast Fourier Transforming (FFT), the in-plane field

(| FT(EX)|2 +|FT(EZ)|2) is calculated. From the in-plane momentum conservation rule, only

plane-wave components inside a light-cone [k; + kj =(w/c)’] can couple with propagation

modes. As can be seen from the momentum space intensity distributions of the WGM in Fig.
2.6, the resolution is limited by the setting of FDTD grid size. The major fraction of the
resonant photons lives outside the light-cone, which implies an efficient index confinement

mechanism
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Figure 2.6: Electric-field distribution of the WGM in Momentum space in 12-fold QPC
microcavity. The dotted circle represents the light-cone. The major fraction of the plane-wave
components lies outside the light-line, which implies the efficient index confinement

mechanism.
2.3. Device Structure
2.3.1. 12-fold QPC Micrécavity with Bottom DBR

In our asymmetry structures design, the lower cladding layer of MQWs slab is a DBR
substrate but the air cladding layer as in symmetry membrane structures as shown in Fig.2.7.
For this asymmetry structures, which can improve the thermal effect produced from optical
pumping on the membrane structure microcavity and provide the better confined of light in
vertical direction. The application of DBR structure was widely used in VCSEL. And
following the concept in VCSEL, Our DBR structure is composed of 22 pairs of
GaAs/Aly9Gag 1 As layer and high reflectivity region lays wavelength from 1450 to 1600 as

shown in Fig. 2.8

15



Figure 2.7: The side view illustration of 12-fold QPC microcavity with DBR substrate.
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Figure 2.8: The measured high reflectivity of DBR from 1450 to 1600 nm.
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2.3.2. 2D Photonic Crystal Cavity Laser With Central-Post

Central-Post structure was first reported by using traditional triangular photonic crystal
D3 microcavity [21]. It is possible in this structure to select only modes with a node at the
post and obtain a better heat sink. As a preliminary step to the electrical pumping, the
photonic crystal slab structure with a post is studied with optical pumping. Fig. 2.9 shows our
12-fold QPC microcavity laser with central post. In the chapter 4, we will show how to

construct a post just under the microcavity.

The reason why we choose 12-fold QPCI as our pattern design is that high quality factor
WGM can be sustained in 12-fold QPC microcavit. As mention before, if a central post is

positioned at the intensity minimum of a mode; characteristics of the mode will hardly be

changed, and electric current can be injected through this post [26].

|

Central Post

Figure 2.9: The scheme of 12-fold QPC microcavity laser with central post.
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2.4. Simulation Result

2.4.1. Modal Analysis of 12-fold QPC microcavity with Bottom DBR

As mention in previous section, in order to improve the thermal effects produced from
optical pumping on the membrane structure and provide the better confinement of light in
vertical direction, we design an asymmetry structures, the lower air cladding layer is replaced
by a DBR substrate In this section we will use 3D FDTD to calculate the influence of the
lasing mode profile after introducing bottom DBR. The scheme of our device structure is
show in Fig. 2.10, different cut directions of contour map are provided; we can see the
difference between three kinds of bottom DBR structures which is the depth of our defined

12-fold QPC air hole and the number’ of ogr'DB{R. pairs.

.Y (um)

-1 1

0
X (um)

Figure 2.10: The contour map of index profile. (a) XZ plane of 12-fold QPC microcavity. PC
pattern transform to (b)MQWs, (c)four pairs of DBR layer, and (d)one has four more DBR

pairs under the PC patterned MQWS and DBR layer.
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After calculation of resonance mode spectrum, we find that no resonance mode is observed in
the PC pattern only transform to MQW, as shown in Fig. 2.11(a). In contrast, only the pattern

transform into DBR layer will have resonance mode as shown in Fig. 2.11(b) (c).
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Figure 2.11: Resonance mode spectra of PC pattern transform to (a)MQWs, (b) four pairs of

DBR layer, and (c)one has four-more DBR pairs under the PC patterned MQWS and DBR

layer.

There are two possible reasons, one is in-plane energy loss and the other is vertical loss.
In-plane loss depends on 12-fold QPC PBG effect, so the problem is the bottom DBR really

reflects the downward light or the light did not feel the existence of bottom DBR.

In order to investigate the vertical loss, the momentum space intensity distribution is
calculated. As one can see from the momentum space intensity distributions of the resonant
modes, if the major components live outside the light-cone, it implies an efficient index
confinement mechanism. In Fig. 2.12, we compare the momentum space intensity distribution

of three kinds of bottom DBR structure to each other.
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Figure 2.12: The momentum space intensity distribution of PC pattern only transformed into

(b) (c)

(a) MQWs, (b) four pairs of DBR layer and (c¢) four more no patterned DBR pairs under the

PC patterned MQWS and four pairs of patterned DBR.

We can find out that if PC pattern o.nly -transform into MQWs layer the loss is huge. In
contrast, if PC pattern transform.- pg deep 1nto bottom DBR the vertical loss can be improved.
By increasing the depth into bottom DBR the_component inside the light cone can be reduced
as shown in Fig. 2.12 (c), i.e. the Vertlcal loss is further improved. However, the component of
momentum space intensity distribution inside the light cone is very large compared with that
of the membranes structure as shown in Fig. 2.6. This implies the quality factor of this
structure would be smaller than that of membranes structure. This result is not what we expect,
the bottom DBR does not give a well confinement of light and achieve a high reflectivity to
ensure radiations from the top surface. This may caused by the direct contact of our MQWs
and bottom DBR. As a result, promise solution of the tradeoff between vertical emission
enhancement and optical loss should be proposed. The scheme of modified structure is show
in Fig. 2.13. An additional air-gap is used between the DBR and the MQWs in order to

compensate the optical loss.
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Figure 2.13: The scheme of 12-fold QPC microcavity with bottom DBR and air-gap.

We also use 3D FDTD to calculéfe..the it.lﬁll'én(;e of the lasing mode profile by introduce
the different air-gap size fron;_ 0.125‘ ?\ ’::"tg‘)r" 0.5 A . Their momentum space intensity
distributions are show in Fig. 214 Whe_riith;_}&;_ize (?f t'lhe air gap becomes smaller, the loss of
the field energy becomes large. By ‘tl-le thegretiCél studies, the different air-gap size will
influence the far field pattern without change the near field pattern. The quality factor will
decrease when the distance between MQWs and bottom DBR become smaller. The vertical
enhancement condition is reported to be 2d=m A, where d is the air-gap size and m is integral

[27].
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Figure 2.14: The momentum space in:[e'nsit};: "di§tributions of (a) traditional membrane
structure and structures with air-gap distance of ()0.125 A (c)0.25 4 (d) 0.5 4.
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2.4.2. Modal Analysis of 12-fold QPC microcavity with Bottom DBR

As a candidate for the electrically pumped structure, a post is designed to place at the
center of the microcavity with WGM, and then electric current can be injected through this
post. In this section, as a preliminary step, the photonic crystal microcavity with a post is
studied with 3D FDTD for different radius of post. At first, we design a 12-fold QPC
microcavity with a central air hole to approximate the effect of microcavity with central post.
We use this structure to pre-study the characteristic of WGM. By change the radius of the
central air hole, we can estimate the energy distribution of WGM and to design the size of
central post. The result is show in Fig. 2.15, when the radius is bigger than 2.8r, i.e. r = air

hole radius; the central air hole will cause the WGM resonance will be distoryed.
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Figure 2.15: The total electric field distribution of 12-fold QPC microcavity with (a) 2.0 r
and (b) 3.0 r radius central air hole. When central air hole radius is bigger than 2.8 r, the

WGM resonance will be distoryed. The central circle denotes the central air hole.

According to above results: f ;Ne coﬁtlinheto (":-eﬂlculate 12-fold QPC microcavity with
central post by 3D FDTD simula;'t_i'(')n, ,tﬁei,ﬁfl,é_,pflesiggj'lelre shown in Fig. 2.16. We can observe
the graded-index layer between ai;' éhd“sl'ab layef;";lihis phenomenon is caused by the setting
of grid size. To solve this problem, we can diminish the grid size, but would increase the
simulation time, so we would set the proper grid size to achieve an acceptable simulation
result. After the simulation, we can find out that in post structure, the radius can be add to 3.6
r without conspicuousness influence the mode profile of WGM. This conclusion does not well
accordance with the central air hole, these may be explained by poynting theorem. But this is

good for the post radius to become large in order to reduce the resistance when we play the

central post as a conducting wire to inject electric current.
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Contour Map of Index Profile at Y=0.11 Contour Map of Transverse Index Profile at Z=0
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Figure 2.16: The simulation setup of our central post structure in (a) XZ plane contour map

and (b) XY plane contour map of index profile.
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size (Fig. 2.17). We change the' pbst si-@eiﬁom_l Sr to 3.7r and according to the simulation
.5 e
result to deduction that if the post rad],us 1sJ21gger than 3.6r, the plane-wave component inside

a light-cone becomes large and these field element would couple with propagation mode.

(a) The membrane structure
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(d) When the radius of central post is 3.5r

Figure 2.17: The ( 1) electric-field distribution in momentum space and (1) XZ plane and
(IT) XY plane of total E field. We can observe that the energy will go through the post when
the post radius is 3.5r and lead to the increase of component inside the light cone. If we
continue to increase the radius of the post, for example, bigger than 3.6r, the WGM will no

longer exist.
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Moreover, it is also possible to select only modes with a central node. This can be proven
by calculating its resonance spectrum as shown in Fig 2.18. When a central post introduced,
the monopole will disappear in the resonance spectrum to achieve side mode reduction. This

is because the mode intensity of monopole is concentrated at the center, so it will be abolish

when introduce a small post under the center of microcavity

(a) ‘— without central post ‘
‘---- with central post ‘
34  monopole
LA -2
o

i
!
;
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i
i
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I I I 0
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Figure 2.18: (a) The simulated resonance spectrum of membrane structure and central post
structure. In this diagram, we can observe that the monopole mode is reduced in central post
structure. From the (b)XZ plane and (c) XY plane total electric field of monopole, we can

clearly observe that the mode intensity of monopole is mostly concentrated at the center.
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2.5 Conclusion

We have shows that the slab resonant mode profile with bottom DBR and even more we
introduce a air gap between bottom DBR in order to improve the bottom side confinement
effect. And we calculate the influence to the WGM when a central post is introduced. To
minimization the energy lost cause by central post, the radius of the post most control under
3.4r, and those to minimize the resistance when we play the central post as a conducting wire

to inject electric current.

Chapter 3  Fabrication Process of Asymmetric

12-fold QRC Microcavities

3.1. Introduction

The basic design principles and simulation results of 12-fold QPC microcavity with
bottom DBR and 12-fold QPC microcavity with central post have been introduced in chapter
2. In this chapter, the fabrication procedures of two different structures of 12-fold QPC
microcavities will be discussed in detail and the problems during the process will also be

presented.

3.2. Fabrication of 12-fold QPC Microcavity With Bottom DBR

3.2.1. Preparation for Wafer Bonding

There will be unbounded area if the wafer surface has particles and defects [28]. To
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prevent these, before pre-bonding in room temperature, we clean the sample’s surface at first.
Moreover, in order to prevent the thermal stress between interface; some channel lines must

be transferred on the InP cap layer before pre-bonding.

For MQWSs/DBR pairs, the channel pattern must be parallel to the <01-1> direction of
InP substrate otherwise the cap layer of MQWs will be removed during the wet etch process
as shown in Fig. 3.2(b). The gap size is estimate to be 33.3 nm which is close to the thickness
of our InP cap layer. No enhancement will be observed if there is a gap between InP and DBR
as shown in Fig. 3.2 (b). In Fig. 3.1 (a), pattern parallel to the <01-1> direction has no air gap
between bonding interface. The measurement result of sample without gap shows the

enhancement centered at 1550 nm due to the bottom DBR effect and the other sample with
oL
ﬂl”

gap shows nothing. In Fig. 3.2 (a) ,the data '-hm have week enhancement compare to “2”

_g_lnterface was not good enough in the edge of

e Ll

data line, this is because the quax[lty de bog i

the bonding sample due to the the
f.*{:%;., S = -'"Fé:-
quality of our bonding sample. 'ﬁ-;';;.-::'; ——

TERREL®

!

291nm I 212.5 nmnm

245.8nm

Figure 3.1: The side view SEM picture of channel pattern (a) parallel and (b) vertical to the

<01-1> direction of InP substrate.
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Figure 3.2: The measurement result of MQWs/DBR with channel pattern (a) parallel and (b)

vertical to the <01-1> direction of InP substrate

3.2.2.

Process for Direct.\Wafer Bonding

Surface treatments for all samples-are still required before the bonding process. The

sample and DBR wafer were cleaned-in the acetone solution for 5 minutes, then use D.I

Water to rinse for 5 minutes. After the cleaning process, two wafers were stick together face to

face in the D.I. water without contact to the surrounding air. Then use N to drying the stuck

sample and checking two wafers were stuck by Van der Waals force. As the Fig. 3.3 shown,

the stuck sample was clipped on the wafer bonding fixture. The different thermal expansion

coefficient of stainless steel and molybdenum material is the main principle of wafer bonding

process. Owing to the different thermal expansion coefficient, high pressure was formed at

high temperature.
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Figure 3.3: The scheme of wafer bonding fixture.

At last, wafer bonding fixture was put into the center of the furnace as shown in Fig. 3.4.
The sample is heated to 600 C in 90 mleutes and holds the temperature for 60 minutes.
Finally, the annealing process was thalt_ | let the furnace cool down naturally to room
temperature. Because of the hlgh temperatu;e_and hlgh pressure be occurred in furnace, the
interface of two wafers would have a chemlcal reactlon to form the atomic covalent bond.

Furthermore, the function of graphite plate is to prevent the bonding reaction between wafer

and stainless steel. After the proper time for annealing, two wafers were bonded together.

PID controller

Figure 3.4: A illustration of the wafer bonding system.
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After the wafer bonding process, the upper layer of InP substrate will be removed by wet
etching process. The bonded sample was fixed by clips and put into a HCI : HO =4 : 1
solution for 30 minutes to remove the InP substrate. After that, the smooth and glossy MQWs
with DBR substrate wafer were demonstrated as shown in Fig. 3.5; the surface of bonding
sample is rough because the releases of thermal stress on the bonding interface. And in Fig.
3.5 (b) we can see the bonding interface of MQWs/DBR pairs, and the MQWs plus InP cap

layer is about 245nm.

Bonding sample’s . ~245 Am
surface - %o nm

Estimate bonding
interface

(a) e )

Figure 3.5: (a) Side view SEM picture of the bonding sample and its estimated (b) bonding

interface.

3.2.3. Photonic Crystal Pattern Definition and Transfer

We deposited a 300 nm thickness Si3Ny4 layer as an etch mask by PECVD process. The
thicker SizN4 than 140 nm is owing to against the longer dry etching time. A 300 nm thickness
of PMMA layer was spun on Si3Ny4 layer, and the PC microcavity patterns were written by
EBL system. For transferring PC patterns into MQWs layer, the ICP/RIE system was used.

The Si3N4 hard mask was etched by CHF3/O; mixed gas in RIE mode dry etching, and then
31



CH4/Cl,/H, mixed gas is used to transfer the patterns into MQWs at 150°C for 40 seconds in
ICP etching mode. Then, the Ar/SiCly mixed gas is used to transfer the PC patters into DBR

ubstrate at 20°C for 4 minutes in ICP etching mode. The PC lasers with bottom DBR structure
was demonstrated after removing the residual hard mask on the MQWs. In Fig. 3.6, there are

overviews of fabrication processes of 2D photonic crystal wafer bonding structure lasers.

Si3Ny PMMA InGaAs

Photoresist Coating Channels Define

BERREE msesumm &

— il e

Channels Transfer Remove PR & Clean Wafer Pre-Bonding

Surface
™ I ™

Wafer Bonding Remove Substrate Si3Ny Deposit
. N . . N BN
I S " S
PMMA Coating Electron-Beam Define Patterns Transfer

Remove PMMA l‘ Pattern Transfer |~ Remove SizNy

Figure 3.6: An overview of fabrication processes of bottom DBR structure.
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3.3. Fabrication Results & Conclusion

3.3.1. Bonding with InP/ DBR Interface

We have fabricated a well designed 12-fold QPC microcavity with bottom DBR. After
the definition of PC patters and transform by EBL system and ICP/RIE dry etching process,
the 12-fold QPC microcavity with bottom DBR is formed by remove surface hard mask. Fig.

3.7 shows SEM pictures of our fabricated device.
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Figure 3.7: The (a) top view and (b) cross section SEM pictures of the 12-fold QPC

microcavity with bottom DBR.

3.3.2. Bonding with SiO, / SiO; Interface

The difference of fabrication process between InP / DBR pairs and SiO,/ SiO; pairs is
that after the channel pattern transformed, we deposit SiO; as sacrificed layer on surface of

both samples. And the subsequence fabrications for bonding are all the same. But we
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encounter a problem during the direct wafer bonding process to combine the double side SiO,
layer. At first, we test two kind of deposit method, one is SAMCO PD-220 plasma enhanced
chemical vapor deposition in NDL 10k class clean room and the other is furnace in NDL 10
class clean room. After the direct bonding, only the furnace one combines successfully, the
layer deposit by PECVD did not work. In order to analyze this result, we use Atomic Force
Microscopy (AFM) to study the surface of both samples as shown in Fig. 3.8. The roughness
of Si0, deposit by PECVD is about 10 times larger than deposit by furnace. The roughness of
sample surface will cause the particles to hide inside the surface defects and cause the bubble

or other effect to damage the bonding interface.

Image Statistics Image Statisti

£ range

Figure 3.8: The surface roughness of SiO, deposited by (a) furnace and (b) PECVE.

The SiO; surface roughness by furnace one is 0.266 nm and by PECVD is 2.740 nm.
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3.4. Fabrication of 12-fold QPC Microcavity With Central-Post
3.4.1. Epitaxial Structure and Dielectric Material Deposition

At first, the epitaxial structure illustrated in Fig. 3.9 is prepared. It consists of four 10 nm
0.85% compressively strained InGaAsP quantum wells (QWs) which are separated by three
20 nm unstrained InGaAsP barrier layers. It has been confirmed that the PL spectrum of the
QWs (Fig. 2.1(b)) is centered at 1550 nm with 200 nm span. The QWs is grown on InP
substrate by metal organic chemical vapor deposition (MOCVD) and then a 60 nm InP cap
layer is deposited on it for protecting the QWs during a series of dry etching processes. In
fabrication, at first, a 140 nm thick Si3N4 layer served as a hard mask is deposited by SAMCO
PD-220 plasma-enhanced chemlcal Vapor deposmon (PECVD) process. The SiH4/NH3/N;
gases mixture are used to deposn dlelect;’lc hard mask on 300°C substrate at 35W plasma

power in 100 Pa pressure. The S__i'3N4‘ thu;kn.ess.of _140 nm can stand for the whole dry etch

process when achieving the depth intoour wafer ab‘(;ut 800 nm.

Four 10nm 0.85% compressively

57.5nm | strained InGaAsP QWs (E, ~1.55pm)
InGaAsP with three 20nm unstrained InGaAsP
barriers Barriers ( E;~1.22pm)

Figure 3.9: The scheme of epitaxial structure of InP/InGaAsP MQWs. The thickness of

active region is about 220 nm.
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3.4.2. Photonic Crystal Patterns Definition and Dry-Etching Processes

At first, the QPC pattern is designed by using CAD tools. And then we load this file into
Nanometer Pattern Generation System (NPGS) system. Then photonic crystal patterns were
defined by JEOL JSM-6500F electron-beam lithography (EBL) system. The EBL system is a
field-emission scanning electron microscope, which employs a schmasky type fields-emission
gun for the electron source and state-of-the-art computer technology for high-resolution image
observation. Before EBL, an A5 polymethylmethacrylate (PMMA) resist layer is spin-coated

on the wafer after previous dielectric deposition process. The PMMA thickness is 300 nm.

After defining QPC patterns by EBL system, the pattern will be transferred by the
following processes. In transferringipatterns, Oxford Instruments Plasma Technology Plasma
lab 100 inductively coupled plasma / reactive ion etching (ICP/RIE) system is used. At first,
the sample is etched by O, plasma'in order.to.clean the residual PMMA in air holes. And then
the Si3N4 hard mask is etched by CHF3/O, mixed gas in RIE mode dry etching. The SizNy4
etching environment recipes are 150W RF power and 55 mTorr at 20°C with CHF; and O, gas
flow rate of 5 sccm and 50 sccm, respectively. The etching rate in CHF3/O, mixed gas is
about 1.5 nm/s in average and the selectivity etching ratio to PMMA is 8. After transferring
the pattern into SizNy4 layer, we use O, plasma to remove the survival PMMA layer. And then
the pattern transforming into InP/InGaAsP MQWs layer is achieved by H,/CH4/Cl, mixed gas
in ICP mode dry etching. The MQWs etching environment recipes are 73W RF power,
1000W ICP power, and 4 mTorr at 150°C with H, ~ CH, and Cl, gas flow pressure of 0.8, 0.4,
and 0.3 mTorr, respectively. The etching rate in H,/CH4/Cl, mixed gas is about 5.5 nm/s in
average and the selectivity etching ratio to SizNy is 6. After a serious of dry etches process

mentioned above, the PC patterns have already been transferred onto the QWs.
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3.4.3. Construct of Central Post Structure

In order to form the central-post structure, the InP substrate below the MQWs should be
removed and leave only a post under the center of our microcavity. This can be achieve by
immersion the sample into a mixture solution with HCI : HO = 3 : 1 at 2.5°C for about 1
minutes, and then the solution goes through the drilled holes to form a small post. This
process also removes 60 nm InP cap layer and smoothes the surface and the sidewall of the air

holes.

In general photonic crystal patterns, for example, triangular lattice photonic crystal, the
CAD design must includes windows to break the InP etching stop plane and achieve
membrane structure [29]. However; the etching stop plane can be easily broken due to the
lattice structure of 12-fold QPC-and the ‘undercut will form. As a result, it is unnecessary to
define the windows in our CAD file. Fig: 3.10.shows the SEM picture of our sample after wet
etch process. We find that the undercut of outer region of QPC is not formed caused by
smaller air-hole in the outer region due to proximity effect during EBL process. Also, in the
same sample with larger r/a ratio, the membrane structure has been formed under the same
wet-etching time. This also indicates the sensitivity of wet etching time in different r/a ratio

pattern.
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Figure 3.10: The top view SEM picture of 12-fold QPC microcavity with different r/a ratio.
(a) The undercut of outer layer is not formed when the r/a ratio is small. (b) In contrast, under

the same wet-etching time, the membrane structure has been formed with larger r/a ratio.

In order to solve this problell},"i,{;éb"r'e_‘-éc"i;ésiéﬁ jfa,pew CAD file by enlarge the air holes of

i 5 d

o AN, Y - : : .
outer three layers to be 1.3 timegb.f_deSigﬂéH;.‘:@ ratio-as shown in Fig. 3.11. This design will

=

produce different etching rate bé;\i{eeg.iiﬁiié;qpﬁ.outgf regions and promote the post forming
™ .._"_ i '.,,:;

d_. b " A

at the center of microcavity. R,

Figure 3.11: The modified CAD file of QPC microcavity. The r/a ratio of outer three layers

(region II) is 1.3 time of that in region I.
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Figure 3.12: (a)The top view SEM picture of fabricated sample. A 12-fold QPC

microcavity with central post. (b) The parallelogram shape of central post. (c) A fabricated

oARRlLr,

. . A R R -:r‘. .
12-fold QPC microcavity membragg;imfh é:?:af_}.dl;c\?i@ter region due to the over dosage of EBL

¥ = 4 i, e
. - =S % ]
is supported by the central post. = E f"-: ‘?-.ti-"'---‘: \k'*-.'

Fig. 3.12 (a) shows the top-view SEM picture of fabricated 12-fold QPC microcavity
with central post. The parallelogram shape of central post is observed from the SEM picture
in Fig. 3.12 (b). This asymmetric shape is caused by the anisotropic etching rate of InP
material. In Fig. 3.12 (c), a fabricated 12-fold QPC microcavity membrane with crashed outer
region due to the over dosage of EBL is supported by the central post. This structure is very
fragile because the absence of outer connections. To solve this problem, we design the other
two CAD files and the first one is show in Fig. 3.13. This design will produce contacted
bridge to connect membrane and wafer to form a stronger central post structure. Fig. 3.14
shows the top-view SEM picture of fabricated device with contacted bridge between QPC
membrane and the wafer. Moreover, we can shift the larger air holes away from the other air

hole to make the contacted bridge stronger.
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Figure 3.13: The CAD design with contacted bridge. The r/a ratio of outer three layers
(region II) are 1.2 time of that in region I. Some air holes are replaced by larger ones in region

III to produce the contact bridge between membrane and wafer without affecting the etching
—

B, B

rate of outer region obviously. A .

Central post

Figure 3.14: The top view SEM picture of 12-fold QPC microcavity with contacted bridge
between QPC membrane and wafer. The inset picture is the zoom-in top-view SEM picture of

12-fold QPC microcavity. The circular shadow at the cavity center indicates the formation of

the central post.
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Fig. 3.15 shows the other CAD design. The outer three layers are replacing by air holes
with alternative radius. This design can prevent the crash caused by over dosage during EBL
process at outer three layers and provide enough etching rate to form the central post without

the fail of undercut in the outer region. Fig. 3.16 shows the top view SEM picture of

corresponded fabricated device.

Figure 3.15: The CAD design w1th alfc‘;ﬁéi_i:;»g_e__'air héles. The outer three layers are replaced
by air holes with alternate radius.’ The distance. between two different radius air holes can

produce enough tolerance for over dosage and prevent membrane from crashing.

Central post

Figure 3.16: The top view SEM picture of fabricated microcavity with alternative air-hole.
The inset picture is the zoom-in top-view SEM picture of 12-fold QPC microcavity. The

circular shadow at the cavity center indicates the formation of the central post.
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Figure 3.17: The (a) top-view and (b) side-view SEM picture of 12-old QPC microcavity
with central post. The diameter of top and root of the central post are estimated to be 1.19um
and 0.776um. And the gap between membrane and substrate is estimate to be 1.5um.

From the top view SEM pictu}_rﬁ,?.fh’e girpu}a:;f' §had0w can be used to estimate the diameter
of central post. From Fig. 3.17 (ei;);the c1r!zh];'a_,ﬁsﬁadGW is estimate to be 0.84pm in diameter.
From the direct measurement 1r£I51d§lvfe§ALSEM p.jjé;ture in Fig. 3.17 (b), the diameter of

- WL\ 1896 JF -

', ¥ J . .
central post is estimated to be 1.19pum. As a result, there is about 30 % inaccuracy when we

estimate post size from the circular shadow.

However, when we reduce the radius of central post, the circular shadow will disappear.
This does not mean the post is no longer under the cavity. The shadow is caused by the
different charge distribution in the cavity region and the interface with the central post.
However, when the post size reduces, this charge distribution difference will become difficult
to observe, i.e. the shadow is difficult to observe and judge the existence of the central post.
Thus, to confirm the existence of the central post, the side-view or tilted-view SEM pictures

are necessary.
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As shown in Fig. 3.18 (b), there is no shadow observed in the microcavity region, but the
post can be clearly observed from a tilted-view SEM picture. The smaller post size can only
be estimated from the tilted-view SEM picture. We can first measure the angle of the post. By

the diameter estimation at arbitrary point, we can calculate the diameter at the interface of the

central post.

.ij'_; P ._.E
- N - |
Figure 3.18: The tilted-view SE}Qg;pietg' of 1 ifo{ﬁ?—QPC microcavity with the central post.
i "

i 3
i

(a) The circular shadow can be clearly'-"gﬁs?m};ed’ﬁfn the microcavity region when the diameter
of the central post is large. (b) However, the circular shadow cannot be observed in the

microcavity region when the diameter of the central post is small.

3.5 Conclusion

We have fabricated a well design 12-fold QPC microcavity with the central post. After
the definition of PC patters and transform by EBL system and ICP/RIE dry etching process,
the 12-fold QPC microcavity with central post is formed by HCI wet-etching. The central post
size can be controlled by different immersed time. Fig. 3.19 shows an overview of fabrication

process to summarize the fabrication process.
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Chapter 4 Measurement Results

4.1. Introduction

In order to measure our epitaxial materials and characterize the fabricated 2D photonic
crystal microcavity lasers with central post, a NIR micro-PL system with sub micrometer
scale resolution in space and sub nanometer scale resolution in spectrum is used. The simple

configuration of the micro-PL system is show in Fig. 4.1.

Optical Spectrum Analyzer

TTL Diode Laser

Multi-Port ps ‘
Function Generatof

NIR High-Speed
Power Detector

Figure 4.1: The set-up of our NIR micro-PL system
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In this system, an 845 nm TTL laser is used as the pump source. This TTL laser can be
used in pulse operation and continuous-wave (CW) operation by switching a function
generator. The pump beam is reflected by a 50/50 beam splitter into a 50x long working
distance NIR objective lens with numerical aperture of 0.5. The 48% reflection in angle 45°
of the splitter for 845 nm wavelength is confirmed. And the pump beam is focused to a
spot-size with 2 pm in diameter by the objective lens. The light emitted from the microcavity
is collected by the same objective lens. We use a collective lens to feed the output signal into
a multi-mode fiber, and then the signal is detected by the spectrum analyzer, Ando AQ-6315A,
with 0.05 nm resolution. All of the following measurement results were estimated by this

micro-PL system.

4.2. Basic Lasing Characteristics

In this section, we will show some-basic characteristics of 12-fold QPC microcavity with
central post including lasing spectrum;-light-in-light-out (L-L) curve, mode polarization, and

so on. All measurements are done at room temperature by our micro-PL system

4.2.1. Measurement Results from Central Post Structures

The well fabricated devices are optically pumped by 845 nm TTL laser with 0.5 % duty
cycle at 0.2MHz repetition rate at room temperature. The influence of the existence of central
post will be clearly understood by comparing the lasing characteristics of fabricated
microcavities with and without central post with each other. As a result, these two kind of
fabricated 12-fold D2 microcavities with the same lattice constant and the slightly different
hole-radius are measured in order to make a comparison.

The lasing actions are observed from the 12-fold QPC microcavities with and without
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central post. At first, the typical near and above threshold lasing spectra of 12-fold QPC
microcavity without central post are shown in Fig. 4.2. The lasing wavelength is 1582.6 nm
and full-width half-maximum (FWHM) is 0.17 nm. The side-mode suppression-ratio (SMSR)
is about 25.5dB. The inset of Fig. 4.2 indicates near-threshold lasing spectrum. The typical
lasing spectrua near and above threshold of 12-fold QPC microcavity with central post are
shown in Fig. 4.3 (a). The lasing wavelength is 1589.5 nm and its FWHM is 0.2 nm. The
SMSR is about 10 dB in this lasing spectrum. Also, in Fig. 4.3 (b), we shows a side-view
SEM picture of the 12-fold microcavity with central post. From the SEM picture, one can see
that a central post under the microcavity is achieved. The size of the post at the interface

between the microcavity and itself is estimated to be 95nm in radius.

From the measured results, the‘existence of the central post induce the red shift of lasing
wavelength about 6.92nm which can be seen.by comparing two lasing spectra. The quality
factor is reduced by the introducing of the central- post. The estimated quality factor of
membrane structure is about 9300 and-that of cavity with central post is decreased to 7900.
Reduction of the quality factor is because that the vertical confinement might be influenced
by the existence of central post which has been investigated theoretically in Chapter 2.4.2.

(See Fig. 2.18)
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Figure 4.2: The typical lasing spectra near and above threshold of 12-fold QPC microcavity
laser. The lasing wavelength is 1582.6 nm and the inset indicates the near-threshold lasing

spectrum which the FWHM is estimated to be 0.17 nm.
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Figure 4.3: (a) The typical lasing spectra near and above threshold of 12-fold QPC
microcavity laser with central post. The lasing wavelength is 1589.5 nm and the inset

indicated the near-threshold lasing spectrum which the FWHM is estimated to be 0.2 nm.
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Figure 4.4: The L-L curve ofl2-fold QPC microcavity laser. The thresholds are both

estimated to be 0.37 mW.

Furthermore, we compare the thresholds.of above two microcavity lasers. From Fig. 4.4,
the threshold of membrane and central post structure are both estimated to be 0.37mW. These
facts indicate that the existence of the central post is hardly to change the characteristics of
WGM as our expectation. In the insert of Fig. 4.4, we can observe the slop efficiency is slight
different. There is steeper slop efficiency in membrane structure than that in central post
structure. This can be attributed to the additional losses by central post. In addition, the post
can be also treated as a heat sinker is another advantage of this structure. It can be observed
from Fig. 4.4, when pump power is continuously increased, the L-L curve of membrane

structure starts to roll off. However, this phenomenon is not so serious.
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To further identify the lasing mode, we also measure its polarization as shown in Fig. 4.5.
In our previous work, the polarization ratio of WGM in 12-fold QPC microcavity is about 2,
which means the property of no specific resonance direction of WGM. Obviously, Fig. 4.5
shows that the measured polarization ratio is only 1.75 and this agree with the WGM
properties both in experiments and simulations in our previous reports. Consequently, the

WGM lasing is confirmed.
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Figure 4.5: The WGM mode polarization of 12-fold QPC microcavity.

In Fig. 4.6, we compare the thresholds of 12-fold QPC microcavities with different post size.
The threshold of microcavity with post radius of 280 nm and 30 nm are estimated to be
1.25mW and 0.32 mW. It is reasonable that the lasing threshold increases with the increasing
of post size due to the increasing optical losses. In Fig. 4.6 (b) (c), we compare the quality
factor of two different post radius, 30nm and 280nm. The quality factor decrease with the post
size as expected. The quality factor of microcavity with post radius of 30nm and 280nm is

estimated to be 7000 and 6000.
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Figure 4.6: (a) The L-L curves of 12-fold QPC microcavity lasers with different central post
size. The near-threshold lasing spectra of 12-fold QPC microcavity lasers with post radius of

(b) 30 nm and (c) 280 nm and their FWHM are estimated to be 0.22 nm and 0.26 nm

4.3. Conclusion

In this chapter, the basic characteristics of 12-fold QPC microcavity lasers with central
post are obtained and compared with those in membrane structure, including thresholds and
quality factors. We also recognize the WGM lasing of 12-fold QPC laser with central post by
the measured mode polarization without specific direction. Finally, we compare the quality
factor and threshold of different post size to demonstrate the influence of the central post. It is

concluded that the existence of small central post slightly affect the characteristics of WGM.
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Chapter5  Conclusion

In this thesis, the history and basic theory of photonic crystal is introduced in the first
chapter. The use of 12-fold QPC to microcavity lasers also being presented. And then, in order
to analyze the 12-fold QPC microcavity with bottom DBR and 12-fold QPC microcavity with
central post, we calculated the resonance spectra and mode profiles of these structures by 3D

FDTD method.

From the calculated result, we find out the quality factor of 12-fold QPC microcavity
with bottom DBR would be smaller than that of membranes structure. As a result, an
additional air-gap is used between the DBR and the MQWs in order to compensate the optical
loss. We also use 3D FDTD to caleulate thesinfluence of the lasing mode profile by introduce
the different air-gap size from 0.125 4 to 0.5°A", when the size of the air gap becomes smaller,
the loss of the field energy becomes large.-To analyze the effect of the central post, we
calculated WGM profile and its momentum space intensity distributions under different post
size. When the post radius is bigger than 3.7r, the WGM will cause the WGM profile break
down. Furthermore, modified 12-fold QPC microcavity with bottom DBR and 12-fold QPC

microcavity with central post were designed.

In the fabrication, we introduced the procedures for two different structures. In the
bottom DBR structure, the wafer fusion technology was developed. And the 12-fold QPC
microcavity structure was defined on the bonded sample successfully. In the central post
structure, the modified 12-fold QPC microcavity lasers with different size of central post size

were fabricated.
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In order to characterize the 12-fold QPC microcavity laser, a micro-PL system was used
for measurement. The micro-scale and nano-scale resolutions in microscopic system and
spectrum analysis have been achieved. By using this system, the basic characteristics of
12-fold QPC microcavity laser with central post was measured and compared with 12-fold
QPC microcavity laser without central post. The threshold is the same to be 0.37mW in two
structures but the quality factor drop from 9000 to 7800 when the post is introduced.
Furthermore, we compare the threshold and quality of 12- fold QPC microcavity laser with
different post size. The quality is drop from 7000 to 6000 and threshold increase from 0.32

mW to 1.25 mW when the post radius is increase from 30 nm to 280 nm.
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