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Abstract: We report one-dimensional (1-D) parabolic-beam photonic 
crystal (PhC) lasers in which the width of the PhC slab waveguide is 
parabolically tapered. A few high-Q resonant modes are confirmed in the 
vicinity of the tapered region where Gaussian-shaped photonic well is 
formed. These resonant modes originate from the dielectric PhC guided 
mode and overlap with the gain medium efficiently. It is also shown that the 
far-field radiation profile is closely associated with the symmetry of the 
structural perturbation. 
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1. Introduction 

Ultra-small and high-quality (Q) photonic crystal (PhC) cavities [1–17] have been spotlighted 
for their applications in low threshold lasers [1–3], high speed modulators [4–7], single 
photon sources [8–10] and cavity quantum electrodynamics [11–15]. Many groups have 
reported various forms of ultra high-Q (>10

6
) 2-D PhC slab cavities with small mode-volumes 

[16,17]. In these cavities, photons are confined in a two-dimensional fashion. 
Recently the high Q/V 1-D PhC beam cavity was proposed and employed [18,19]. The 

compactness and the lightness of the 1-D PhC cavity have attracted researchers working on 
cavity-optomechanics [20,21] and compact optical-devices [22–24]. In 2008, Notomi et al. 
proposed a theoretical maximum Q-factor of 2.0x10

8
 and a modal volume of ~1.4(λ/n)

3
 after 

precise tuning of the periodic ladder’s size [19]. The predicted Q-factor is very high in spite of 
its 1-D structure. 

In this work, we propose and demonstrate a new 1-D high-Q PhC beam cavity structure. 
The width of 1-D PhC waveguide structure is parabolically tapered in order to create a 
Gaussian-shaped photonic well. The formation of high-Q modes is identified near the 
photonic well region. The smooth parabolic perturbation minimizes scattering losses [25]. The 
existence of the newly-generated resonant mode is experimentally confirmed through the 
lasing action of 1-D PhC lasers. We also found that the vertical emission characteristics can 
be controlled by modifying the symmetry of the cavity structure. 
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Fig. 1. (a) Schematic of 1-D periodic structure. (b) Dispersion of 1-D photonic lattices. (c) 
Electric field (Ey) distribution and electric energy distribution. 

2. Design of 1-D parabolic-beam PhC cavity 

Consider a 1-D periodic PhC waveguide structure where air holes are drilled along x direction 
periodically, as shown in Fig. 1(a). We choose dielectric guided modes in which electric fields 
are concentrated in the dielectric region. Dispersion characteristics of the dielectric guided 
modes are shown in Fig. 1(b), for 1-D PhC structures of different beam widths and a fixed air-
hole size. Note that the normalized cutoff frequency decreases with the beam width (w). 
Getting the width thinner makes the effective refractive index of the guiding structure 
decrease, and thus the cutoff wavelength (frequency) becomes smaller (larger) accordingly. 
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Fig. 2. (a) Schematic of 1-D parabolic-beam PhC cavity. R is a tapering radius of curvature, W0 
is the width of the thinnest central waist, and Wf is the width of the 1-D structure. (b) The black 
line plots the expected normalized cutoff frequency as a function of x position of the parabolic-
beam. The graph also shows the resonant modes found in the photonic well. The respective 
resonant frequencies are 0.2153, 0.2125, 0.2099, and 0.2077. (c) Electric field intensity (E2) 
distribution of the fundamental mode. 

So far tuning of 1-D periodic PhC cavity was achieved by modulation air-hole size or 
lattice constant [19,22,24]. Here, we design a new type of cavity by tuning the width of 1-D 
PhC beam waveguide structure as shown in Fig. 2(a). It is well known that the parabolic shape 
of cutoff frequency is advantageous in obtaining high Q factors [16,26]. The width of the 1-D 

parabolic-beam PhC cavity is tuned parabolically as 2

0
2 2 1 ( / )W W R R x R= + − − . 

Assuming that the cutoff frequency of the guided mode faithfully follows the dispersion 
characteristics predicted in Fig. 1(b), the shift of the cutoff frequency is expected to be 
proportional to x

2
. This parabolic variation makes the Gaussian-shaped optical well in which 

confined photon modes can reside [26]. Figure 2(b) plots the cutoff frequency as a function of 
x position. Three-dimensional finite-difference time-domain (3-D FDTD) computations 
predict that there exist four confined modes in this photonic well. These modes originate from 
the dielectric band, so photon energy is mostly located in the region of dielectric as shown in 
Fig. 2(c). We, thus, expect the strong interactions between the dielectric gain medium and the 
modal field [27]. Refractive index of the material (n), slab thickness (t), hole radius (r), 
curvature radius of the waist (R), the width of the center (W0) and the final width(Wf) are 3.4, 
0.8a, 0.3a, 500a, 1.6a, 2.0a respectively, where a is lattice constant of periodic air holes. The 
normalized frequency of the fundamental mode, its Q factor and mode volume are 0.2153, 
~7,000,000 and 0.83(λ/n)

3
, respectively. 
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Fig. 3. Mode volumes and Q factors of (a) the air-center (b) the dielectric-center parabolic-
beam cavity. Poynting vectors (Sz) of (c) the air-center (d) the dielectric-center parabolic-beam 
cavity (side view). 

We identify two kinds of cavities of different symmetries as shown in Fig. 3 [28]. The air-
center cavity [Fig. 3(a)] is symmetric with respect to the central air hole and the dielectric-
center cavity [Fig. 3(b)] is symmetric with respect to the line passing through the central 
dielectric region. As shown in Fig. 1(c), the Ey field of the air-center cavity has an odd 
symmetry with a node at the symmetry plane. Therefore, the cavity loss can be effectively 
suppressed and the Q factor can be high [29,30]. In comparison, the dielectric-center cavity 
has an even symmetry with an anti-node at the center. In this case, the vertical emission loss is 
larger than that of the air-center cavity. These two effects are depicted in the emission profiles 
of Fig. 3(c) and 3(d). 

3. 1. D parabolic-beam PhC laser 

The 1-D parabolic-beam PhC laser structure is fabricated on a 280-nm-thick free-standing 
InGaAsP slab, as shown in Fig. 4(a) [30,31]. Three pairs of InGaAsP quantum wells emitting 
near 1.5 µm are employed as the gain medium of the laser. The lattice constant (a), the radius 
of the air hole (r), and the curvature radius of waist (R) of the fabricated PhC structure are 
~350 nm, 100 nm, and 100 µm, respectively. The cavity is pulse-pumped by a 980-nm 
InGaAs laser diode (10 ns pulses, ~1% duty cycle) using a 50x microscope objective lens with 
a numerical aperture (N.A.) of 0.85. Threshold behavior is observed and the lasing threshold 
(irradiated power) is ~1.34 mW, as shown in Fig. 4(b), and the corresponding absorbed power 
by the slab (effective pump power) is 86 µW. We observe a single lasing peak of the 
fundamental mode (λ = 1487.5nm) as shown in the PL spectrum [Fig. 4(c)]. The output field 
is y-polarized with a measured polarization extinction ratio (PER) of 6.3:1. Considering that 
the resonant mode is basically a TE mode, this polarization characteristic is understandable. 
When the incident power increase up to 1.9 mW, two peaks of 0th mode (λ0 = 1487.5 nm) and 
1st mode (λ1 = 1519.3 nm) are observed [Fig. 4(c)]. To confirm the modes, we compare near-
field profiles of the measured CCD image and the vertical component of the Poynting vector 
obtained by 3-D FDTD computation. The computation is performed with the real fabricated 
structure, which are directly obtained from the SEM images, as input data. The calculations 
reflect all fabrication imperfections [2,27,28]. Figure 4(d) is the CCD image of the 
fundamental mode of air-center cavity [inset of Fig. 4(c)] in which the symmetry axis passes 
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through the center of air hole. Observe that the central node between two bright spots in  
Fig. 4(d) and 4(e). The calculated vertical component of the propagating Poynting vector at a 
vertical position of 1.0 µm above the slab matches well with the measured near-field profile of 
the air-center cavity. The spectral separation (∆λ01 = 31.8 nm) between 0th mode and 1st 
mode agrees well with the 3-D FDTD computations (∆λ01 = 33.6 nm). 

 

Fig. 4. (a) Scanning electron microscope (SEM) image of fabricated sample. (b) Light-in versus 
light-out curve and polarization characteristics of the fundamental mode of the fabricated 
sample. (c) Measured PL spectra and the SEM image of air-center cavity. (d) Measured IR 
CCD image of the fundamental mode of air-center cavity. The dotted red line indicates the 
boundary of the fabricated sample. (e) The vertical component of the Poynting vector obtained 
with the use of the structural data of the inset of (c). 

The optical properties of dielectric-center cavity are measured with the same manner of 
air-center cavity (Fig. 5). The fundamental mode (λ0 = 1524 nm) and the first mode (λ1 = 1550 
nm) are observed as shown in Fig. 5(a). Mode separation of the two peaks is 26 nm and the 
calculated value is 21 nm. The fundamental mode of the dielectric-center shows a central 
intensity maximum which prefers the vertical emission [Fig. 5(b)]. These emission properties 
agree well with the 3-D FDTD calculation of Fig. 5(c). To see only the emission of the 
fundamental mode, we employ the 1524 nm band-pass filter. The measured CCD image is 
blurred by the objective lens and the band-pass filter. 
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Fig. 5. (a) Measured PL spectra and the SEM image of dielectric-center cavity. (b) Measured 
CCD image of the 0th mode of dielectric-center cavity. (c) The calculated vertical component 
of the Poynting vector. 

4. Summary 

The new type of 1-D cavity, parabolic-beam PhC cavity, is proposed and demonstrated by the 
lasing behaviors. This type of laser has a small physical size compared to the conventional 2-
D PhC lasers. It also has a high Q/V value. We believe that this type of 1-D parabolic-beam 
PhC resonator can be useful for photonic integrated circuits and cavity quantum 
electrodynamics. 
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