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Abstract :

The research progress during the project period from August, 2005 to July, 2006 on
quasi-periodic photonic crystal laser cavities is presented in this report. The high quality (Q)
factor of whispering-gallery-mode (WGM) in quasi-periodic photonic crystal micro-cavity
is designed and obtained. Due to its central zero field distribution, comparing with other
defect modes in photonic crystal micro-cavity lasers, it is much proper for electrically
driven structure used in micro-disk lasers. At first, we calculate the defect mode frequency
and mode profile of different cavity geometry in dodecagonal (12-fold) and octagonal
(8-fold) quasi-periodic photonic crystal (QPC) micro-cavity by using finite-difference
time-domain (FDTD) method. The well-confined WGM is obtained. The real devices are
fabricated by our well-developed fabrication technology. We measure and analyze lasing
characteristics of these devices and compare them with photonic crystal micro-cavity. In
addition, we are the first research group observing the lasing action from octagonal
quasi-periodic photonic crystal micro-cavity in the world. Besides, we also investigate on
several potential characteristics of 12- and 8-fold QPC micro-cavity with WGM, including
ultra-condensed device size (3.5 £ m<3.5 ;£ m), large fabrication tolerance (> 5%), laser
device with very high side-mode suppression-ratio (SMSR) (> 30dB) and so on. As an active

device, these are very potential characteristics in future photonic integrated circuit.
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I. Introduction

Although lots potential defect modes of different photonic crystal micro-cavity with
ultra-low threshold, high Q-factor, and small mode volume have been reported in very
recent years, most of these modes are not suitable for electrically driving. In this project
period, our researches are focused on quasi-periodic photonic crystal micro-cavities, which
are regarded as very potential devices for electrically driven due to its well-confined
whispering-gallery-mode (WGM). However, in most general photonic crystal micro-cavities,
WGM is hard to be sustained or with very low Q-factor due to the mismatch between the
mode profile and the cavity geometry. One possible solution is using quasi-periodic
photonic crystal (QPC). Under proper design, WGM can be well-confined in QPC
micro-cavity. In addition, as the mirror of the micro-cavity laser, QPC shows much stronger
confinement than that provided by photonic crystal. With high-Q WGM, an efficient QPC
micro-cavity laser can be regarded as a better candidate for electrically driving than

photonic crystal micro-cavity laser.
II.  Design and Simulation

In this section, we report the characteristics of defect modes in different cavity designs
in octagonal (8-fold) and dodecagonal (12-fold) quasi-periodic photonic crystals by using

finite-difference time-domain (FDTD) method with effective index approximation.

At first, we investigate the octagonal (8-fold) QPC (OQPC) micro-cavity formed by 9
missing air holes. The cavity schematic is shown in Fig. 1 (a). The calculated defect mode
profiles named K=0, K=1, K=2, and K=4 are shown in Fig. 1 (b), where K denotes the
Block rotational number. They present WGM-like distribution. Although K=4 mode shows
the zero field distribution at the central region, these modes are first- or second-order WGM
and with low Q-factor and high threshold. In practice, these modes are not potential modes

we discuss above.

Next, we then consider the micro-cavity formed by only one missing air-hole in the
same OQPC lattice. The schematic of this single-defect OQPC micro-cavity is shown in Fig.
2 (a). The resonance modes are also calculated by FDTD method and the mode profiles with
magnetic fields are shown in Fig. 2 (b). One can see that this cavity only supports two

resonance modes, one is dipole mode and the other is quadrupole mode. In order to improve



the fusion with octagonal QPC micro-cavity and the micro-disk lasers, we design a new
cavity geometry formed by single defect in octagonal QPCs as shown in Fig. 2 (a). The 8
nearest neighboring air holes are shifted outward to satisfy the constructive interference
condition to form standing waves at the cavity edge. The calculated mode profile is shown
in Fig. 2 (c). It shows a strong-confined WGM profile with azumital number four. This
mode is sustained in the cavity not only by photonic band-gap (PBG) effect but also by total
internal reflection (TIR) effect. In addition, it is worth to mention that the cavity size is

1.2um, smaller than the diffraction limitation in micro-disk lasers.
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Fig. 1 (a) Schematic of OQPC micro-cavity formed by 9 missing air holes. (b) Defect
modes named K=0, K=1, K=2, and K=4.

Fig. 2 (a) Schematic of original (position A) and modified (position B) OQPC single-defect
micro-cavity. (b) Calculated dipole mode and (c) calculated WGM profiles of these two

micro-cavities.

We also investigate the dodecagonal (12-fold) quasi-periodic photonic crystal (DQPC)
micro-cavity formed by 7 missing air holes (D2) as shown in Fig. 1 (a). Comparing with

OQPC, DQPC shows a more circular Brillioun zone, which implies the more efficient PBG



confinement effect. Besides, without any modification, the DQPC D2 micro-cavity can well

sustain a high-Q WGM with azimuthal number six.

The calculated mode profile in magnetic field is shown in Fig. 3. It shows
well-confined WGM with 12 lobes distributing along the cavity boundary. In fact, there is a
very good fusion of quasi-periodic photonic crystal micro-cavity with conventional
micro-disk lasers. This also could be a breakthrough for solving the problems of quality
factor decreasing in minimized micro-disk lasers. Other resonance modes are also shown in
Fig. 3.
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Fig. 3 Main resonance mode, WGM, with azumithal number six (W6 mode) is calculated by
2D FDTD method. The other two zero-order radial modes with azumithal number five (W5
mode) and four (W4 mode) and a first-order radial mode with azumithal number three (W3

mode) near the W6 mode in spectrum are also calculated.

III. Fabrication

Based on our well-developed fabrication process in photonic crystals, the designs
mentioned above are well-fabricated. The epitaxial structure consisting of four 10 nm
compressively-strained InGaAsP MQWs as the active layer with 1550 nm central
wavelength under photoluminescence is prepared. First, the 140 nm silicon-nitride (SiNy)
layer served as hard mask for latter etching process is deposited on the epitaxial wafer by
plasma-enhanced  chemical vapor deposition (PECVD) system. And the
polymerthylmethacrylate (PMMA) layer is spin-coated on the SiNy layer. The QPC patterns
are defined on the PMMA layer by electron-beam lithography and transferred to the SiNy
layer by reactive-ion etch (RIE) process with CHF3/O, mixed gas. Then the patterns are



further transferred to MQWSs by inductively-coupled plasma (ICP) dry-etching with
CH4/Cl,/H, mixed gas at 150°C. At last, the membrane structure is formed by selective wet
etching with the mixture of HCI and H,O at 0°C. The top-view and side-view scanning
electron microscope (SEM) pictures of different QPC micro-cavities designed in section II

are shown in Fig. 4 (a)-(c).

Fig. 4 Top-view and side-view SEM pictures of (a) OQPC D2 micro-cavity, (b) OQPC
modified single-defect micro-cavity, and (c) DQPC D2 micro-cavity.

IV. Characterization & Discussion

In characterization, the micro-cavities are optically pumped by an 845 nm laser diode
with focused pump spot size 1.5 um in diameter. To avoid the thermal problems, the pump
condition is set at 0.5% duty cycle with 200 KHz repetition rate. The emitted light is
collected by a multi-mode fiber and its spectrum is detected by an optical spectrum analyzer
(OSA) with 0.05 nm spectral resolution.



At first, we obtain the lasing action from OQPC D2 micro-cavity and recognize it as
dipole mode (K=1). The light-in light-out curve (L-L curve) and typical lasing spectrum are
shown in Fig. 5 (a) and (b). The threshold can be estimated as 0.7 mW and its full-width at
half-maximum (FWHM) near threshold is 0.4 nm. We also obtain the relationship between
intensity of the lasing mode versus angle. A specific polarization direction agrees with the
mode distribution of the K=1 mode.
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Fig. 5 (a) L-L curve of the K=1 mode. The spectrum near threshold is shown in the inset. (b)
Lasing spectrum of the K=1 mode. (c) The relationship between intensity of the lasing

mode versus angle.

In characterization of OQPC modified single-defect micro-cavity, the L-L curve and the
typical lasing spectrum at room temperature are shown in Fig. 6 (a) and (b). The threshold
can be estimated as low as 0.35 mW. The central lasing wavelength is 1499 nm with
full-width at half-maximum (FWHM) 0.15 nm and 25dB SMSR. Its Q factor is about 7500,
which is estimated from the measured line-width near the transparency pump power. The
characteristics shown above all indicated the better performance than photonic crystal
micro-cavity laser with similar cavity size.

Instinctively, one can add a central post or a central air-hole in the OQPC single-defect
cavity region without disturbing the WGM. In addition, the side mode can be reduced or
destroyed due to this extra central post or central air-hole. The top view SEM of fabricated
cavity with a central air-hole is shown in the inset of Fig. 7. In measurement, the WGM is
not affected significantly as predicted and the estimated Q factor is 6800, which is only a
little smaller than that without a central air-hole. From the fabrication point of view, the
larger central air-hole or central post implies larger fabrication tolerance and less sensitivity

of the WGM to the central air-hole or central post. In addition, in the central post case, with



larger post size, there would be lower electrical resistance and faster thermal transition
compared with smaller one. Thus, lower threshold voltage and better heat dissipation can be

expected.

We also compare the lasing spectra with and without the central air-hole. We fabricate
two devices with similar lattice parameters, one is with the central air-hole and the other is
not. The measured lasing spectra in dB scale are shown in Fig. 7. One can see that the side
mode is greatly reduced and the side-mode suppression-ratio (SMSR) increases from 25dB
to larger than 30dB after adding a central air-hole. Besides, also shown in Fig. 7, the lasing
mode is not affected significantly by the added central air-hole. We believe that similar
results can be obtained for the central post case. This implies that this modified OQPC
single-defect micro-cavity design is a promising structure for electrical injection with larger

central post size tolerance.

In order to achieve the target of promising devices in ultra-dense integrated photonic
circuit, we also fabricate modified OQPC single-defect micro-cavity arrays with different
lattice periods from 8 to 3. The plot of lasing threshold versus number of cladding lattice
periods is shown in Fig. 8. The threshold of OQPC micro-cavity with eight lattice periods is
0.71 mW and the lasing wavelength is 1454 nm. In Fig. 8, the thresholds are almost the
same when the number of lattice periods is larger than six. Although the threshold 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 um x 3.5 um as shown in the inset
SEM picture of Fig. 8, which is a very condensed device size ever reported. Lasing action is
not always observed when the number of lattice periods is reduced to three. We also
fabricate triangular lattice PC micro-cavity with similar cavity size formed by seven missing
air holes (D2 cavity) for comparison. As shown in Fig. 8, the thresholds of triangular lattice
PC D2 micro-cavities 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 MQWs, leading to a smaller threshold of triangular lattice PC
D2 micro-cavity with eight lattice periods than that of OQPC micro-cavity. For the number
of lattice periods below seven, one can see that the thresholds of OQPC micro-cavities are
much lower than that of triangular lattice PC D2 micro-cavity even the lasing wavelength of
the former is much farther away from the gain peak of MQWs. In addition, the threshold of
triangular lattice PC D2 micro-cavity increases about 130% from eight periods to four
periods, which is much larger than the 36% of OQPC micro-cavities.
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Fig. 6 (a) L-L curve. The inset shows the L-L curve near threshold and indicates its
threshold as low as 0.35 mW. (b) Lasing spectrum at 1499 nm with 0.15 nm FWHM.

— Without Central
Air-Hole

—
> - |
T
—
m
'g ]
= 1400 1450 1500 1550 1600 1650
2 | [ With Central '
» ir-
c Air-Hole
@
L
c .
- Side Mode
Reduced !!

1350 1400 1450 1500 1550 1600 1650
Wavelength (nm)
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side mode is greatly reduced by inserting the central air-hole.
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Fig. 8 Plot of lasing threshold versus number of cladding lattice periods. There is only 36%
increase in threshold of OQPC micro-cavity when the number of lattice periods is reduced
from eight to four, which is much smaller than the 130% of triangular lattice photonic
crystal D2 micro-cavity. The inset shows the SEM image of the OQPC micro-cavity with

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

In the photoluminescence (PL) measurements of DQPC D2 micro-cavity laser, the
micro-cavity is optically pulse-pumped at room temperature by the same pump condition.
The L-L curve and typical lasing spectrum of DQPC D2 micro-cavity are shown in Fig. 9 (a)
and (b).We obtain the ultra-low threshold 0.15 mW of DQPC D2 micro-cavity from the L-L
curve and its FWHM is 0.15 nm at 1572 nm lasing wavelength. We also fabricate PC D2
micro-cavity laser with triangular lattice by the same process and on the same wafer for
comparisons. Its L-L curve and SEM picture are shown in Fig. 9 (a) and its inset. The
threshold of PC D2 micro-cavity laser with single-mode lasing is 0.6 mW and its FWHM is
around 0.3 nm at a similar lasing wavelength, which both indicate the better performance of
DQPC lasers resulted from the more uniform and efficient confinement provided by the high
symmetric Brillouin zone of quasi-lattice and the presence of WGM. Besides, the threshold
of DQPC D2 micro-cavity laser is also lower than the 0.3 mW of modified single-defect
micro-cavity laser with lower symmetry OQPCs.
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Fig. 9 Typical L-L curves of DQPC and triangular PC D2 micro-cavity lasers. (b) Typical
lasing spectrum of DQPC D2 micro-cavity laser.

In Fig. 3, the W6 mode profile has good consistency with the gears formed by the 12
nearest air-holes surrounding the cavity. This also implies the strong mode dependence of W6
mode on the positions of 12 nearest air-holes. To obtain more direct evidence supporting this
assumption, we randomly vary the positions of the 12 nearest air-holes (denoted by red
circles, region-A) and the outer air-holes (denoted by blue circles, region-B) separately, as
shown in Fig. 10 (a). The degrees of variation are 1%, 2%, 3%, 4%, 5%, and 7% of lattice
constant with fixed r/a ratio and lattice constant. Lasing spectra of devices with randomly
varying the air-hole positions in region-A and region-B are shown in Fig. 10 (b). The
wavelength fluctuations for the region-A and B cases are 19 nm and 2.5 nm, respectively. In
the region-A case, when 12 nearest air-holes are randomly shifted, the original W6 mode
tends to self-optimize its resonance behavior according to the position fluctuation. During
this optimization process, the constructive interference condition provided by the nearest
air-holes is degraded. However, in the region-B case, it can be treated as the modal boundary
condition (positions of 12 nearest air-holes) is invariant, leads to almost the same lasing
wavelength and threshold. The small wavelength variation 2.5 nm in the region-B case is
caused by very slight hole-radius differences occurred during the electron-beam lithography
process. In Fig. 10 (a), we also show examples of mode distortions for the two cases with the
same variation degree 5%. One can see significant mode distortion for the region-A case, but
not for the region-B case compared to Fig. 3. As a result, the lasing wavelength variation is
mainly caused by randomly varying the region-A lattice, which indicates the strong mode
dependency of W6 mode on the 12 nearest air-holes.
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micro-cavity. The mode distortions of these two cases with the same variation degree 5%

are also shown. (b) Lasing spectra of devices with different variation degrees in region-A

and region-B. Lasing wavelength variations for the region-A and region-B cases are 19 nm

and 2.5 nm, which show strong mode dependence on the 12 nearest air-holes.
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During the past year, we have accomplished many things and demonstrated the ability
to obtain high quality results for photonic crystal lasers. We have published a paper on
modified octagonal quasi-periodic photonic crystal single-defect micro-cavity laser on
Applied Physics Letters, and a paper investigating properties of whispering gallery modes
of quasi-periodic photonic crystals is accepted for publication on Applied Physics Letters.
Another paper submitted to Photonics Technology Letters about fabrication tolerance of
quasi-periodic photonic crystal lasers is under minor revision. We also presented our
results on various international conferences. We are very glad that our research results
have been recognized by high impact factor journals and top conferences. These results
show that we have found a cavity structure that is suitable for current ejection and we are
the first group to propose this kind of structure for photonic crystal-based laser cavities.
We hope that we can continue this work and obtain more exciting and important results in

the near future.



