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Abstract: We propose a point-shifted nanocavity based on square lattice 
photonic crystal, which sustains a lowest-order whispering-gallery (WG) 
mode. In simulation, the optimized WG mode (quality (Q) factor ~14,000) 
in point-shifted nanocavity can be with smaller mode volume (~5.5(λ/2n)

3
) 

but larger nano-post tolerance than those in single-defect cavity design. 
From well-fabricated device, single WG mode lasing with measured Q 
factor of 4,100 and low threshold of 160 µW is obtained. Besides, we also 
observe the changed polarization of WG mode due to modal symmetry 
breaking caused by the presence of a nearby dielectric nano-particle, which 
would be useful in sensing molecule binding or attaching for bio-chemical 
applications. 
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1. Introduction 

Since the first demonstration [1], photonic crystal (PhC) micro- and nano-cavities have shown 
the abilities of strongly controlling photons in a wavelength-scale resonator with very low 
optical losses [2–4]. In recent years, various one- (1D) and two-dimensional (2D) PhC 
nanocavities with ultra-small mode volumes close to half-wavelength cubic and high quality 
(Q) factors have been proposed and demonstrated [5–8]. These PhC nanocavities with energy 
concentration in one- or half-wavelength cubic volume are very beneficial for enhancing 
interactions between light and matters in quantum-electro-dynamic phenomenon studies [9], 
opto-mechanical researches [8,10], optical sensing applications [11–13], and so on. In 
addition, this kind of ultra-small nanocavity is also promising in achieving thresholdless 
nanolasers which can be integrated on photonic integrated chip (PIC) [14,15]. Electrical 
excitation is very important for such nano-laser sources embedded in PIC. However, most 
nanolaser mode candidates reported are monopole or confined waveguide Bloch modes, 
which lack of proper current injection approaches. Recently, the strong potential of 
whispering-gallery (WG) mode in achieving electrically-driven PhC nanolaser sources have 
been widely investigated [16–19] and successfully demonstrated by inserting a nano-post 
beneath the cavity [20,21]. The nano-post plays the roles of efficient current pathway and heat 
sink at the same time without disturbing WG mode due to its central field node. In this report, 
we propose a point-shifted nanocavity which can sustain a lowest-order WG mode based on 
square-PhCs. Although the lowest-order WG mode also exists in square-PhC single-defect 
(D1) nanocavity [22,23], we show the WG mode in our proposed design here can be with 
smaller mode volume but larger nano-post tolerance than that in square-PhC D1 nanocavity. 
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Fig. 1. (a) Scheme of square-PhC D0 nanocavity on a suspended dielectric slab. (b) The plot of 
FDTD simulated defect modes frequency versus r’/a ratio in square-PhC D0 nanocavity under 
fixed r/a ratio = 0.38, including dipole (open triangle), WG2, 1 (open circle), and monopole 
(open square) modes. Γ-M (blue shadow) direction PBG, Γ-X (pink shadow) direction PBG, 
and their overlapped region M-X direction PBG (purple shadow) are also shown. (c) FDTD 
simulated mode profiles in electric field of dipole, WG2, 1, and monopole modes, which are 
obtained under r’/a ratios of 0.30, 0.30, and 0.35, respectively. 

2. Nanocavity design and simulations 

Generally, square-PhC has smaller photonic band gap (PBG) comparing with triangular one. 
To make sure that the defect modes will be well-confined by the PBG effect, we calculate the 
band diagram of square-PhC dielectric slab by three-dimensional (3D) plane wave expansion 
method. The slab thickness and refractive index are set to be 220 nm and 3.4, respectively. 
The structure scheme is shown in Fig. 1(a). The simulated results indicate that the PBG width 
increases with r/a ratio, where r and a represent air-hole radius and lattice constant, 
respectively. For example, the PBG region is ranged from 0.326 to 0.352 in normalized 
frequency (a/λ) under r/a ratio = 0.38, which corresponds to a sufficient large spectral width 
of 110 nm when a = 500 nm. Although wider PBG range can be obtained when r/a ratio is 
larger than 0.38, the PhC structure becomes fragile in fabrication due to the enlarged air-hole 
radius. Thus, the r/a ratio of square-PhC will be chosen and fixed to be 0.38 from now on. 

A simple square-PhC nanocavity design is the D1 nanocavity by removing an air-hole and 
a lowest-order WG2, 1 (the former and latter sub-number represent the azimuthal number and 
radial order, respectively) mode will be sustained in this nanocavity design [22,23]. Recently, 
it has been reported that local lattice shifts in 1D or 2D PhCs can create nanocavities well 
sustaining various ultra-small defect modes [5–8]. In this report, we propose a nanocavity 
design using similar approach based on square-PhCs. As shown in Fig. 1(a), the square PhCs 
are defined by air holes on a suspended dielectric slab. Four central air holes are shrunk to be 
r’ in radius and the positions are shifted outward to form a nanocavity region, named point-
shifted D0 nanocavity. 

First, we perform 3D finite-difference time-domain (FDTD) simulations to obtain the 
defect modes in this nanocavity design. In the simulation setup, the lattice constant, r/a ratio, 
slab thickness, and refractive index are set to be 500 nm, 0.38, 220 nm, and 3.4, respectively. 
The r’/a ratio is varied from 0.285 to 0.36, and the number of lattice periods is set to be 14 in 
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both x- and y-directions to provide sufficient PBG confinement. From the simulation results, 
three defect modes exist in D0 nanocavity under different r’/a ratios, including dipole, WG2, 1, 
and monopole modes. The relationship between the simulated defect mode frequency and r’/a 
ratio of square-PhC D0 nanocavity are shown in Fig. 1(b). All the defect modes lie inside the 
PBG region. As shown in Fig. 1(b), we also find that WG2, 1 and monopole modes can be 
confined only by Γ-Χ direction PBG effect. This is possible because the in-plane radiations of 
WG2, 1 and monopole modes are mainly along Γ-Χ direction, which can be observed from the 
FDTD simulated mode profiles in electrical field shown in Fig. 1(c). Thus, for both WG2, 1 
and monopole modes, the available design range will be larger than the expected M-X 
direction PBG region. It should be noted that WG2, 1 mode in D0 nanocavity is different from 
WG2, 1 mode in D1 nanocavity with in-plane radiation along Γ-M direction. 

As mentioned before, due to the potential of WG mode in electrically-driven nanolaser 
based on nano-post structure, we only focus on WG2, 1 mode in the proposed D0 nanocavity 
here. To optimize WG2, 1 modal properties, we calculate Q factor and mode volume variations 
of WG2, 1 mode under different r’/a ratios. As shown in Fig. 2(a), the maximum Q ~14,000 
and minimum mode volume ~5.5(λ/2n)

3
 (~0.065 µm

3
) are obtained both when r’/a = 0.30. It 

should be noted that the WG2, 1 mode volume in this D0 nanocavity design is even smaller 
than that in square-PhC D1 nanocavity (~6.5(λ/2n)

3
, ~0.078 µm

3
) under the same simulation 

setup. And the calculated Purcell factor of WG2, 1 mode under this r’/a ratio is around 1,500. 
Then we further investigate the tolerance of WG2, 1 mode when inserting a nano-post 

beneath the D0 nanocavity for the electrical-driving purpose, as shown in the inset of Fig. 2(b). 
The PhC lattice parameters are chosen as r’/a = 0.30 and r/a = 0.38 according to optimization 
results. The simulated Q factors of WG2, 1 mode under different nano-post sizes are shown in 
Fig. 2(b). Obviously, there is significant degradation in Q factor when the nano-post size is 
larger than 0.6a in diameter, where the Q factor is still larger than 10,000. The extra leaky 
components inside the light cone induced by the nano-post are responsible for the Q 
degradation [17]. Comparing with WG2, 1 mode in square-PhC D1 nanocavity, the Q factor 
degrades significantly when the nano-post size is larger than 0.4a in diameter. When nano-
post size increases to 0.6a, the Q factor decreases to be smaller than 5,000. This directly 
indicates the larger nano-post tolerance of WG2, 1 mode in D0 nanocavity proposed here than 
in single-defect one. In addition, we also show the simulated Q factor variations of dipole and 
monopole modes in D0 nanocavity with different nano-post sizes for comparison. The r’/a 
ratios are chosen as 0.30 and 0.35 for dipole and monopole modes, which correspond to their 
highest Q factors of 2,200 and 11,000, respectively. For monopole mode, although the high Q 
factor indicates that it will be one of the dominant modes in this nanocavity, its Q factor 

 

Fig. 2. (a) The simulated Q factor (open circles) and mode volume (open squares) of WG2, 1 
mode in D0 nanocavity under different r’/a ratios. The highest Q factor and smallest mode 
volume are both obtained when r’/a = 0.30. (b) Scheme of square-PhC D0 nanocavity with a 
nano-post beneath and the simulated Q factors of WG2, 1 (open circle), monopole (open square), 
and dipole (open triangle) modes in square-PhC D0 nanocavity with different nano-post 
diameters. 
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significantly degrades when the nano-post size is larger than 0.3a in diameter. This small 
nano-post tolerance may increase the difficulty in fabricating this delicate nano-post (150 nm 
in diameter only). On the other hand, we observe large nano-post tolerance of 0.5a from 
dipole mode. However, due to its low Q factor close to 1,000, it will not be the mode 
candidate for lasing action in D0 nanocavity. Besides, from Fig. 2(b), we can see the Q factors 
of dipole and monopole modes will both degrade to be smaller than 600 when the nano-post 
size is 0.6a in diameter. 

From above simulation results, we can conclude that WG2, 1 mode in D0 nanocavity design 
proposed here has smaller mode volume and larger tolerance when inserting a nano-post 
beneath than that in D1 nanocavity. This large nano-post tolerance hosts advantages in 
electrically-driven structure based on nano-post, including fabrication tolerance, low electrical 
resistance, improved heat sink, and so on [19,20]. 

3. Characterization of fabricated devices 

Real devices are fabricated on InGaAsP multi-quantum-wells (MQWs) by electron-beam 
lithography and a series of inductively coupled plasma / reactive ion etching dry-etching 
process. Then the suspended slab is formed by HCl selective wet-etching process [17,19]. 
Top-, zoom-in, and tilted-view scanning electron microscope (SEM) pictures of fabricated 
square-PhC D0 nanocavity are shown in Fig. 3. The fabricated square-PhC D0 nanocavities are 
optically pumped at room temperature. To avoid thermal problems, the duty cycle and width 
of optical pulse are set to be 0.2% and 40 ns, respectively. And the pump spot size is focused 
to be around 3.5 µm in diameter. From nanocavity with fabricated a = 500 nm, r/a ~0.38, and 
r’/a = 0.30, we obtain single-mode lasing at 1560 nm, which can be identified as WG2, 1 mode 
by comparing with the simulation results in Fig. 1(b). The measured light-in light-out (L-L) 
curve and spectrum of single-mode lasing action are shown in Fig. 4(a) and (b). The threshold 
is estimated to be 160 µW from the L-L curve, which corresponds to an effective threshold as 
low as 8 µW when taking the power absorbed by the nanocavity into account only. This low 
threshold is attributed to the small mode volume and high Q factor of WG2, 1 mode in D0 
nanocavity, which directly indicates the potential in achieving thresholdless nanolaser. We 
also obtain the spectrum below threshold (at 100 µW, ~0.7 times threshold), as shown in the 
inset of Fig. 4(a). The estimated spectral line-width by Lorentzian fitting is 0.38 nm, which 
corresponds to a Q factor of 4,100. And the measured side-mode suppression-ratio (SMSR) is 
larger than 20 dB as shown in the inset spectrum of Fig. 4(b). 

Besides, from a fabricated square-PhC D0 nanocavity array with increased r’/a ratio from 
0.285 to 0.315 and fixed r/a ratio, we obtain a gradual wavelength shift that matches with the 
simulation results, as shown in Fig. 4(c). This gradual wavelength shift also directly indicates 
the lasing action comes from localized cavity mode instead of extended band-edge mode. 

 

Fig. 3. Top-, zoom-in, and tilted-view SEM pictures of fabricated square-PhC D0 nanocavity 
from left to right. The fabricated lattice constant, r/a, and r’/a ratios are 500 nm, 0.38, and 0.30, 
respectively. 
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Fig. 4. (a) The measured L-L curve and (b) lasing spectrum of WG2, 1 mode at wavelength of 
1560 nm from square-PhC D0 nanocavity. The measured WG mode polarization and spectrum 
below threshold are shown in the insets of (a). The lasing spectrum in logarithm scale is shown 
in the inset of (b). The r/a ratio, r’/a ratio, and lattice constant of the measured device are 0.38, 
0.30, and 500 nm, respectively. (c) WG2, 1 mode lasing spectra from square-PhC D0 
nanocavities with increased r’/a ratio from 0.285 (top curve) to 0.315 (bottom curve) under 
lattice constant of 480 nm. The intensity of each spectrum has been normalized. 

We also measure the polarization of lasing mode by a linear polarizer as shown in the inset 
of Fig. 4(a), which shows very low polarized degree of 0.21, where the polarized degree is 
defined as (Imax-Imin) / (Imax + Imin). This WG2, 1 modal symmetry with low-polarized property is 
caused by the equal contributions of electric fields in x- and y-directions (Ex and Ey) of WG2, 1 
mode in this square-PhC D0 nanocavity with C4v symmetry, which is a feature of WG mode 
and could also be an evidence of WG2, 1 mode lasing. Most importantly, this low polarized 
degree also indicates that our fabrication uniformity can promise the well balanced four 
nearest air holes [17,21] of the square-PhC D0 nanocavity, which leads to WG2, 1 modal 
symmetry due to the equal distributions of Ex and Ey components. 

In reality, this modal symmetry can be broken by deliberate designs or fabrication non-
uniformities and the WG mode will become polarized. In our devices, we observe this modal 
symmetry breaking due to local disturbance. For example, a dielectric nano-particle existing 
nearby the nanocavity can affect Ex and Ey components separately. This may result in a 
dominated electric field component in specific direction and the WG2, 1 mode will become 
polarized. In experiments, we compare the WG2, 1 mode lasing actions from square-PhC D0 
nanocavities with and without a 350 nm-diameter dielectric nano-particle nearby, as shown in 
the SEM pictures in Fig. 5(a). These two nanocavities are fabricated on the same wafer by the 
same process and there are only very slight differences in r/a and r’/a ratios between these 
two nanocavities. For each nanocavity, the r/a and r’/a ratios are very uniform. From 
measured polarizations shown in Fig. 5(b), the polarized degree of WG2, 1 mode increases to 
be 0.69, that is, the WG2, 1 mode becomes polarized, when the nano-particle is introduced 
nearby the nanocavity. This significant change in polarization could be attributed to the 
comparable size of the D0 nanocavity and the nano-particle. To confirm this polarization 
variation comes from the nano-particle instead of the fabrication non-uniformity of the inner 
air holes, we measure other nanocavities on the same wafer. We find almost all the 
nanocavities without nano-particles show very low-polarized property, which indicates the 
WG2, 1 mode in fabricated square-PhC D0 nanocavities suffers very small fabrication 
imperfections. On the other hand, most nanocavities with nano-particles show high-polarized 
property. The polarization depends on the direction and distance of nano-particle to the 
nanocavity. The measured L-L curves of these two cases are also shown in Fig. 5(c). The 
slope efficiency increases significantly when the nano-particle is presented. This is because 
when the nano-particle breaks the modal symmetry of WG2, 1 mode, it also breaks the WG2, 1 
modal cancellation in the far field. As a result, there will be more radiation components 
collected [24] by the objective lens and lead to the increased slope efficiency. 
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Fig. 5. (a) Top-view SEM pictures of square-PhC D0 nanocavities (top) with and (bottom) 
without a 350 nm nano-particle nearby. The measured (b) polarizations and (c) L-L curves of 
WG2, 1 mode in square-PhC D0 nanocavities with (open square) and without (open circle) a 
nano-particle nearby. 

We think this observed unique behavior of WG2, 1 mode in D0 nanocavity could be used to 
detect nano-particles based on the polarization variation, which is a spectral-free approach. 
That means the requirement of very high Q factors in PhC nanocavities by very delicate 
modulations is not essential for detection down to single molecule binding or attaching via 
this approach. Thus, we believe this polarization sensing approach would be potential in 
optically sensing single molecule binding or attaching [25–27] in bio-chemical or drug 
discovery researches by further investigations. 

4. Summary 

In this report, we propose a square-PhC D0 nanocavity formed by shifting and shrinking the 
four nearest air holes, which can well sustain a lowest-order WG2, 1 mode. From 3D FDTD 
simulations, we obtain smaller WG2, 1 mode volume (~5.5(λ/2n)

3
) and larger nano-post 

tolerance (~0.6a) than those in square-PhC D1 nanocavity, which is very potential in 
achieving electrically-driven thresholdless nanolaser based on nano-post structure. From the 
well-fabricated devices, we obtain and identify single WG2, 1 mode lasing at 1560 nm with 
low threshold of 160 µW, measured Q factor of 4,100, and SMSR larger than 20 dB. We also 
observe WG2, 1 modal symmetry breaking due to a 350 nm dielectric nano-particle nearby the 
D0 nanocavity in experiments, that is, the un-polarized WG2, 1 mode will become polarized. 
This polarization variation could be used as a spectral-free approach to sense single molecule 
binding and attaching in bio-chemical or drug discovery researches, where very high Q factor 
is not required. 
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