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Microcavity Laser Emissions Based on Double
Hetero-Structure by Locally Modulated
Photonic Crystal Waveguide
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Abstract—In this paper, we design a microcavity with vertical
and in-plane emissions by applying double hetero-structure
with mode-gap confinement in photonic crystal waveguide. The
hetero-structure is formed by modulating the waveguide width
locally by slightly shifting the positions of several nearest air-holes
outward. By numerical calculations, we simulate the basic mode
profiles and quality (Q) factors of each resonance mode. After op-
timizing the cavity, high simulated @ factor of 110 000 is obtained.
From the well-fabricated devices, we observe the lasing emissions
with @ factor of 3200 at wavelength of 1593 nm from both vertical
and in-plane directions and address the lasing mode by comparing
the measured results with the simulated ones. From the simulated
heat transition behaviors by finite-element method, we observe the
better heat dissipation provided by the waveguide region in this
microcavity. This microcavity laser with locally modulated design
could be potentially served as a light source with less influence on
the nearby components in photonic integrated circuits.

Index Terms—Hetero-structure photonic crystal, microcavity,
semiconductor laser.

1. INTRODUCTION

OR past decades, microdisk lasers [1] have been regarded
F as a key role in realizing photonic circuits due to their ex-
cellent properties, including disk-edge emissions, high quality
(Q) factors, and so on. Particularly, the disk-edge-emitting
property makes it possible for researchers to guide in or out the
light emission by employing external waveguides, which shows
high potential in constructing photonic circuits. However, when
people minimize the device size to achieve condensed photonic
integrated circuits (PICs), dramatic performance degradation
arisen from the increasing bend losses becomes a huge problem.
In recent years, various photonic crystals (PhCs) with photonic
band-gap (PBG) effect have overcome this obstacle in con-
structing condensed PICs. Until now, various active PhC-based
devices have been proposed and demonstrated, including defect
microcavity [2]-[4] and defect-free (band-edge emitting) lasers
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[5], [6] aiming at various excellent properties, and the PhC
microcavity laser has been widely expected as a potential light
source in PICs. However, most reported PhC defect microcav-
ities are mainly with vertical emissions and not suitable for
integration or applying in planar PICs. Although one can lead
out the vertical emission and convert it into planar system by
optical microfibers [7], [8], this approach still increases the
complexity in design, optical losses caused by coupling, and
costs in module. Intuitively, microcavity design directly fused
with waveguide would be a better approach in achieving high
efficiency and low loss active in-plane emission light source in
PICs. The most significant advantage of such structure is the
light input and output can be achieved without extra external
waveguides or other components. To form the light-localization
region in a PhC waveguide, recently, various hetero-structure
PhCs [9] with mode-gap effect have been proposed and investi-
gated. Generally, the hetero-structure in a 2-D PhC waveguide
can be achieved by locally varying PhC lattice constant [10],
[11], air-hole size [12], lattice symmetry level [13], waveguide
width [14], [15], and material index [16], which have been
widely considered and reported in passive devices. However,
only few literatures related to this kind of active device have
been reported [17]-[20].

In the second part of this report, we will introduce a mi-
crocavity design based on three-row-missing (named W3)
PhC waveguide with double hetero (DH) structure formed by
slightly shifting the lattice positions of nearest air-holes of
the waveguide locally. The mode-gap effect of the proposed
hetero-structure PhCs is confirmed by plane-wave expansion
(PWE) method. Then we investigate and optimize the modal
properties and () factors of the microcavity by 3-D finite-dif-
ference time-domain (FDTD) method. In the third part, by a
series of dry- and wet-etching processes on InP-based semi-
conductor material, the real devices are well fabricated. From
the measurements, the lasing actions in vertical and in-plane
directions are both obtained, and by the measured results from
these two directional emissions, we identify the lasing mode by
comparing them with the simulated results. We also investigate
and discuss the better heat dissipation of proposed microcavity
due to the presentation of PhC waveguide by finite-element
method (FEM).

II. DOUBLE HETERO-STRUCTURE PHOTONIC CRYSTAL
MICROCAVITY AND SIMULATED MODAL PROPERTIES

As we illustrated before, in 2-D PhC waveguides, one can
create a defect-region to confine the light by applying DH
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structure formed by changing lattice parameters locally. With
this local variation of lattice parameter, the frequency of prop-
agating mode in this waveguide region will be shifted. Due
to this shifting, the mode propagating in this local region will
be forbidden when propagating into the original waveguide,
which is known as the mode-gap effect. Among the approaches
mentioned above in forming the PhC hetero-structure, locally
modulating the waveguide width would be a better choice than
varying the whole lattice structure [10], [11], [19], [20] when
applied in condensed PICs. Especially for fusing with other
PhC components, this local design will have less influence on
modal properties of other nearby components. According to
this concept, in our design shown in Fig. 1(a), the six nearest
air-holes (red circles, denoted as air-holes A) of the PhC W3
waveguide are shifted a distance d4 outward and form the
microcavity region, which is named PhC DHW3 microcavity
with a larger waveguide width. Actually, the waveguide width
can also be modulated by other approaches, for example,
locally tuning the nearest air-hole radius [12]. However, con-
trolling the air-hole size precisely in real fabrication process
is more difficult due to the proximity effect in electron-beam
lithography (EBL). This PhC DHW3 microcavity formed by
simply shifting the nearest lattice positions reveals a very local
and simplified design compared with other PhC DH micro-
cavity designs in refs. [18]-[20]. It should also be noted that
we choose PhC W3 waveguide instead of W1 waveguide for
two purposes: 1) to reduce thermal problems in active laser
device due to large waveguide size and 2) to expect for large
laser emissions. Although there will be more resonance modes
in DHW3 microcavity than in DHW1 microcavity, only one
relatively high () mode in simulation and single mode lasing in
experiments are obtained from the DHW3 microcavity design
in the following sections of this report.

To understand the modal properties in a PhC DHW3 micro-
cavity, PWE and FDTD methods are applied in our simulations.
The thickness and refractive index of PhC membrane are set
to be 220 nm and 3.4, which correspond to an InGaAsP mem-
brane supporting single fundamental mode. The lattice constant
(a) and air-hole radius (r) over a (r/a) ratio are set to be 480
nm and 0.28 to 0.36. The simulation domain and the grid size
are 30a (z-direction) x 30a (y-direction) X 8a (z-direction)
and a /20, respectively. The numbers of PhC lattice periods in z
and y directions are set to be large enough, both are 14, to pro-
vide sufficient in-plane PBG confinements. The PhC waveguide
with DH structure shown in Fig. 1(a) is formed by initially set-
ting the shifting distance d 4 to be 0.1a. We first calculate the
transverse-electrical (T'E) polarized (F-field lies in x-y plane,
that is, I, and F, components) photonic band diagram of PhC
W3 waveguide without and with lattice shifting by PWE method
when 7 /a ratio is 0.3, as shown in Fig. 1(b). For example, from
band-2 and band-2’ in Fig. 1(b), we can observe the mode-gap
effect (shadow region) formed by mode frequency shifting due
to the lattice shifting.

Then we calculate the resonance modes in the PhC DHW3
microcavity with d 4 = 0.1a shown in Fig. 1(a) by applying 3-D
FDTD method. We find several resonance modes sustained in
this microcavity, which are denoted as mode- A to - H. The rela-
tionship between normalized frequency of each resonance mode
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Fig. 1. (a) Scheme of PhC DHW3 microcavity based on DH structure formed
by modulating the waveguide width by shifting the air-holes A. (b) Simulated
T E-polarized photonic band diagram of PhC W3 waveguide without (red
curves) and with (purple curves) the outward shifting of nearest six air-holes,
as shown on the right. The shifting distance d 4 is set to be 0.1a. The mode gap
(shadow region) is formed due to mode frequency shifting.
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Fig. 2. (a) Relationship between the simulated resonance mode frequency and
PhC 1 /a ratio with the air-holes shifting d4 = 0.1a. The PBG region and
measurement results are also presented by the shadow region and solid circles.
(b) The simulated Q4.+ factors and (c) mode profiles in electrical-field of each
resonance mode from A to H in the PhC DHW3 microcavity. High simulated
Q1o value of 6200 is obtained from mode-F'.

and PhC r/a ratio is shown in Fig. 2(a). We also calculate the
total @ (Q+ot ) factors of each resonance mode when r/a ratio is
0.32 by the approaches of energy decay and Fourier harmonic
analysis with Padé approximation [21], as shown in Fig. 2(b).
From the simulated results, we obtain Q. factor of 6200 from
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Fig. 3. (a) Scheme of optimization of PhC DHW3 microcavity by tuning the positions of air-holes A and B. (b) The simulated (4ot factor of mode-F" in PhC
DHW3 microcavity when d 4 is varied from 0 to 0.2a. The highest Q)¢+ factor of 50000 is obtained when d 4 is 0.03a. (c) The simulated ()¢ factor of mode-F
in PhC DHW3 microcavity when d g is varied from 0 to 0.025a with d 4 = 0.03a for further optimization. High Q. factor of 110000 is obtained when d 4 and

dp are 0.03a and 0.015a, respectively.

mode-F', which is a relatively high value compared with other
modes. The low Q). factors of other resonance modes could be
attributed to the followings. Taking mode-A, -B, and -C for ex-
ample, they are found to be close to the edge or even out of PBG
region, which tend to be confined by index guiding rather than
PBG effect and lead to the relatively low Qi factors. To fur-
ther confirm this, the in-plane @) (Q;iy) factors of mode-A, -B,
and -C are calculated as 890, 720, and 230, respectively, which
indicate the weak PBG confinement. And the vertical Q (Q,)
factors of mode-A, -B, and -C' are calculated as 2500, 6880,
and 1090, respectively, which reveal the mode confinements are
mainly from index guiding. On the other hand, for the cases of
mode-D and -F, they are confined by mode-gap effect due to
the DH structure and correspond to the frequency range between
band-1 and band-1’ in Fig. 1(b). In this case, the simulated Q;,
factors for mode-D and -E are 10 100 and 29 400, respectively,
which are attributed to the PBG and mode-gap effect. However,
for band-1’, although the mode-gap is formed, the propagating
mode in the defect region can be coupled to the propagating
waveguide mode in band-2. Thus, the simulated (), factors are
only 570 and 610, respectively. In the case of high-Q) mode-F,
the vertical confinement is provided by index contrast and the
in-plane confinement is provided by the PBG and mode-gap ef-
fect that lies between band-2 and band-2’. The simulated Q;,
and @, factors are 44 000 and 7200, respectively. So far, the
simulated Qo value from mode-F' is sufficient for achieving
a laser light source. However, it could be further improved for
advanced quantum information processing applications.

Thus, in order to obtain higher Q1. factor from mode-F’, we
optimize the cavity design by tuning the positions of air-holes
A and their neighboring air-holes (yellow circles, denoted as
air-holes B), as shown in Fig. 3(a). In order to keep this micro-
cavity to be a local design, we only optimize it by tuning the
air-holes A and B. First, the air-holes A are shifted outward

(d4) from O (original W3 waveguide) to 0.2a. From the simu-
lated Q¢ factors shown in Fig. 3(b), we can observe that there
is a high enhanced Q¢ factor of 50 000 when d 4 is 0.03a. We
then fix d4 to be 0.03a and further shift the air-holes B out-
ward (dg) from 0 to 0.025a. The simulated Q. factors are
shown in Fig. 3(c). From Fig. 3(c), we obtain an optimized Q¢ot
factor of 110000 when dp is 0.015a. This shifting distance is
around 7.5 nm when ¢ = 500 nm, which is an achievable value
for nowadays EBL technology. However, in the following fab-
rication and measurements, in order to observe strong in-plane
laser emissions in experiments more easily, we will choose the
original design by only shifting of air-holes A with lower Q;,
factors.

III. FABRICATIONS, MEASUREMENTS, AND ANALYSIS

In fabrications, the epitaxial structure consisting of compres-
sively strained InGaAsP multi-quantum-wells (MQWs) on InP
substrate as the active layer with 1.55 pm central wavelength
and over 200 nm broad line-width under photoluminescence
is prepared. First, the 140 nm silicon-nitride (SizNy) layer
served as hard mask for latter etching process is deposited by
plasma-enhanced chemical vapor deposition process and the
polymerthylmethacrylat (PMMA) layer is spin-coated on the
SizNy layer. The PhC DHW3 microcavity patterns are defined
on the PMMA layer by EBL technology and transferred to
the SizN, layer by reactive-ion etching process. Then the
patterns are further transferred into MQWSs by inductively
coupled plasma dry etching process. Finally, the membrane
structure is formed by HCI selective wet etching. The top-view
scanning-electron-microscope (SEM) pictures of PhC DHW3
microcavity formed by shifting the air-holes A 0.1a outward
are shown in Fig. 4(a) and (b). The fabricated lattice constant
and r/a ratio are estimated to be 510 nm and 0.3, respectively.
The tilted-view SEM pictures of PhC DHW3 microcavity and
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Fig. 4. (a) Top-view, (b) zoom-in, and (c) zoom-out SEM pictures of fabricated
PhC DHW3 microcavities. (d) The tilted-view SEM picture of the waveguide
facet of PhC DHW3 microcavity.

its waveguide facet for in-plane emission are also shown in
Fig. 4(c) and (d).

In measurements, the PhC DHW3 microcavity is optically
pumped from the vertical direction by an 845-nm diode laser
with 0.5% duty cycle and 25-ns pulse width. The sample is at-
tached on a six-axial stage with high resolution of 0.1 ym. The
vertically emitted light from the resonator is collected by an
100x objective lens, fed in a FC/FC multimode fiber (MMF),
and then detected by an optical spectrum analyzer. At the same
time, we use a lens fiber mounted on a three-axial stage to collect
the in-plane emissions from the waveguide facet. This measure-
ment setup is illustrated in Fig. 5. The measured single-mode
lasing spectrum at 1593 nm and the light-in light-out (L — L)
curve from the vertical emission are shown in Fig. 6(a) and (b).
From the L — L curve and lasing spectrum, the threshold is es-
timated as 1.9 mW and side-mode suppression-ratio (SMSR) is
larger than 23 dB, which are both better than the previously re-
ported results by varying the whole lattice structure in [19] with
the similar waveguide size. The @ factor is estimated as 3200
from the spectral line width of 0.5 nm near threshold pump level,
which agrees with the simulated result (~6200) after consid-
ering fabrication imperfections. The threshold and Q. factor
of this microcavity can be further improved according to our op-
timization by FDTD simulations. To confirm the collected ver-
tical emission is from localized cavity mode lasing instead of
waveguide mode emissions, we move the pump spot from posi-
tion P to position P’ as shown in the inset of Fig. 6(b). When
the pump spot is pumped at position P, the laser emission is ob-
tained. Once the pump spot is moved to position P’, the laser
emission is no longer observed, which is the direct evidence that
the emission does come from the localized mode in PhC DHW3
microcavity. In the meanwhile, this also indicates the serious
injected carrier scattering and absorption caused by the MQW's
before carriers reaching the cavity region when the pump spot is
not aligned with the microcavity. Finally, we obtain measured
mode-F' lasing actions from fabricated devices with different
r/a ratios and the frequencies are denoted as solid circles in
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Fig. 5. Scheme of near-infrared micro-PL system setup for in-plane and ver-
tical emissions.

Fig. 2(a). Comparing them with the simulated results, we can
easily address the lasing mode as mode-F'.

On the other hand, we collect the in-plane emissions from the
waveguide facet shown in Fig. 6(c) by a precisely controlled lens
fiber. The in-plane emission also at 1593 nm is obtained from the
lasing spectrum shown in Fig. 6(d). The collected intensity of
in-plane emission is 20 times smaller than that of vertical emis-
sion. This can be attributed to good mode-gap confinement for
in-plane direction, that is, higher @y, of 44 000 than Q,, of 7200
from simulation, and optical loss when the radiated-light prop-
agating from the microcavity to the waveguide facet. The latter
one could be improved by reducing the unnecessary optical ab-
sorption in the waveguide region by epitaxial regrowth [17] or
QW intermixing technology [22]. Besides, for the former one,
in order to achieve high-efficiency in-plane output emission, the
microcavity should be further studied and optimized by consid-
ering the tradeoff between the total Q¢ factor and waveguide
Q (Qw) factor, that is, the lower Q¢ leads to higher output
efficiency but lower (. factor. In addition, it is also worthy to
note that we do not observe any rolling-off effect due to the poor
heat dissipation of air-claddings when the pump power is even
larger than 3.6 mW. The possible reason is that the heat gener-
ated by localized light can dissipate effectively through the PhC
waveguide itself.

To confirm above argument, we apply heat conduction anal-
ysis by FEM, which is also used in the case of 12-fold quasi-PhC
microcavity we reported earlier [23]. The FEM simulation setup
of PhC DHW3 microcavity is shown in Fig. 7(a). In order to
accelerate the simulation, the simulation domain is reduced to
be one-forth according to its axial symmetry. We also perform
the simulation of 12-fold quasi-PhC microcavity with similar
cavity size for comparison and its setup is shown in Fig. 7(b).
In the simulation, the pulse width, duty cycle, energy level, and
pump area of the heat source are set to be 25 ns, 0.5 %, 3.5 mW,
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Fig. 6. (a) Typical lasing spectrum of PhC DHW3 microcavity emitted from vertical direction at wavelength of 1593 nm. The SMSR is larger than 23 dB.
(b) L — L curve of PhC DHW3 microcavity when the pump spot is positioned at PP. The threshold is estimated to be 1.9 mW. (c) Top- (left) and tilted-view (right)
SEM pictures of the waveguide facet of PhC DHW3 microcavity. The microcavity region is 20 #m away from the waveguide facet. (d) The in-plane emission
spectrum collected from the waveguide facet is also at wavelength of 1593 nm.
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are estimated to be 55.6 and 69.9 ns, respectively. (e) (f) The simulated temperature distributions of (a) and (b) when t = 180 ns.

and 1.0 gm in radius, respectively. The corresponding simulated
temperature decay versus time duration curves of these two mi-
crocavities are shown in Fig. 7(c) and (d). To evaluate the heat
dissipation velocity in these two cases, we define a temperature
decay time as the time duration for the temperature dropping
to 1/e of its highest value. By first-order exponential fitting,

the decay times are estimated to be 55.6 and 69.9 ns, respec-
tively, which directly indicate the better heat dissipation of PhC
DHW?3 microcavity. Besides, according to the simulated tem-
perature distribution shown in Fig. 7(e), we can observe that the
heat flow (dissipation) is mainly through the waveguide, which
is indicated by the white arrow. Thus, the waveguide connected
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to the cavity region plays the role of efficient heat sink in this
device indeed. For comparison, the temperature distribution of
12-fold quasi-PhC microcavity is also shown in Fig. 7(f). In
12-fold quasi-PhC microcavity, the microcavity region is sur-
rounded by air-holes and without any significant heat dissipa-
tion pathway like the waveguide in DHW3 microcavity. Thus,
a slower temperature decay time compared with that of DHW3
microcavity is obtained. Although the thermal performance of
PhC microcavity is decided by various nonradiative and radia-
tive components, when considering heat conduction merely, we
can conclude this good heat dissipation property provided by
the waveguide could be an important advantage of DH structure
microcavity.

IV. CONCLUSION

In summary, we design a microcavity with in-plane and
vertical emissions based on PhC waveguide with DH structure
formed by locally shifting the air-holes A and B that leads to
waveguide width modulation and mode-gap confinement. By
PWE and 3-D FDTD calculations, we simulate and discuss the
basic modal profiles and Q¢ factors of each resonance mode.
After optimizing the microcavity, high simulated Q¢ factor of
110000 is obtained from mode-F when d4 and dp are 0.03a
and 0.015a, respectively. Real devices are well-fabricated by a
series of dry- and wet-etching processes. The lasing emission
with @ factor of 3200 and high SMSR of 23 dB at 1593 nm
is obtained in vertical direction. In in-plane direction, we also
observe the same lasing emission from the waveguide facet.
By comparing the measured lasing actions from fabricated
devices with different r/a ratios with the simulated ones, we
can identify the lasing mode as mode-F'. Besides, from the
measured L — L curve without rolling-off effect and heat
transfer behaviors simulated by FEM, we can conclude that
this waveguide-based microcavity has better heat dissipation
than general PhC-based defect microcavities when considering
thermal conduction. Finally, it should be emphasized again
that this local and feasible design with the characteristic of
easy-fusing with waveguide components is very benefit and
promising in serving as a light sources in PICs.
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