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We introduce a method for designing an H1 photonic crystal cavity to enhance its quality factor (@ factor). The
highest theoretical @ factor of 120,000 is obtained. The Fourier transformation of field distribution shows that
the enhancement arises from the component reduction of a leaky mode. The @-factor improvement has also been
demonstrated experimentally with the highest value of 11,700. Our design could be useful for studying light-matter
interaction in an H1 cavity as the mode volume only increases slightly. © 2013 Optical Society of America
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Photonic crystal (PhC) cavities have been applied on
many areas, including low-threshold nanolasers [1,2],
optic filters with waveguides [3,4] and cavity quantum
electrodynamics because of their excellent photon con-
finement within tiny volume. In cavity quantum electro-
dynamics, a single quantum dot (QD) coupled to PhC
cavity has been studied extensively, QD spontaneous
emission could be controlled effectively by the Purcell
effect [5-9]. With cavities of high quality factor (@ factor)
and small-mode volume, the strong coupling [10,11] has
also been demonstrated in such systems, which could be
an efficient way to eliminate the fine structure splitting
(FSS) of QDs for generation of entangled photon pairs
[12,13]. Various two-dimensional PhC cavities with high
@ factor and small mode volume have been demon-
strated, such as the L3 cavity [14] and double hetero-
structure cavity [15]. However, these cavities have no
two degenerate fundamental modes, which are necessary
for tuning QD FSS via the strong coupling [12,13]. In this
aspect, H1 cavities having two orthogonal dipole modes
and relatively small mode volume are promising if the @
factor is high enough for entering the strong coupling
regime. An H1 cavity is actually a point-defect PhC cavity
formed by removing one hole in a perfect air-hole tri-
angular lattice on a suspending membrane. A perfect
H1 cavity has two degenerate and linearly polarized
fundamental modes, vertical (V) and horizontal (H)
dipole modes, for which the polarization directions are
mutually orthogonal [16,17]. In general, an H1 cavity
provides relatively small mode volume but low @ factor
so improving its @ factor is essential for various applica-
tions mentioned above.

To enhance the @ factor of an H1 cavity, a common
method is modifying the positions and radii of holes near
the defect cavity [11,16-18]. So far, the highest @ factor
obtained experimentally is about 25,000 by modifying
more holes around the cavity, but the design principle
and underlying physics have not been detailed [16].
In this Letter, we propose an alternative method for
enhancing the @ factor while the mode volume is nearly
unchanged. According to calculation, the @ factor of
120,000 can be obtained with our design, which is
the highest @ factor in theory to date. The @-factor en-
hancement is explained with the analysis of the Fourier
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transformation of E-field distribution in cavity, which
shows that the designed H1 cavity can effectively sup-
pressitsleaky mode component. We have also experimen-
tally demonstrated the improvement of the ¢ factor and
the highest @ factor of 11,700 has been achieved.

Figure 1 shows our design of the H1 cavity based on
triangular lattice of air holes, the centered hole is absent
leaving a defect as an optical cavity, and the period and
radii of air holes are a and 7, respectively. Staring with
the common design, the six nearest neighbor holes
around the cavity are shifted in radial direction and away
from the defect a distance denoted as s here. The radii of
the six holes are reduced from 7 to ' [17]. In addition, in
our design, one more modification on other air holes is
introduced to enhance its @ factor further. We reduce the
radii of the fourth, fifth, eighth, and ninth rounds of air
holes, as indicated with gray regions I and II in Fig. 1,
from 7 to »”. As we shall present, both in theory and
in experiment, the @ factor can be significantly improved
by tuning the value of +".

To simulate the modified H1 cavity, we use the 3D fi-
nite-difference time-domain (FDTD) method that is pack-
aged in commercial software (Rsoft, FullWave). The
simulated parameters are detailed as follows. The thick-
ness of GaAs PhC membrane, denoted as d, is 130 nm.
The lattice constant a is 260 nm and the radius of air hole
ris 0.25a. The shifted distance s of the nearest six holes is
0.12a. We use the constant refractive index of 3.36 for
GaAs. The values of ' and " are varied in our simulation
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Fig. 1. Schematic modified H1 cavity. The lattice constant is a.
The radius of regular air hole is 7. The nearest six air holes
around defect are shifted and their radii are reduced to 7/, as
illustrated in the enlarged figure on the right. The radii of air
holes inside regions I and II are reduced to 7”".
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to see their effects on the @ factor. The @ value and mode
volume are obtained with the method of fast harmonic
analysis. We would like to note that the validity of sim-
ulation has been verified by calculating the H1 cavity
case reported in [16] as they obtained the highest @ fac-
tor of about 60,000 previously. By using our simulation
tool and their parameters, our theoretical @ factor is
considerably consistent with theirs (not shown here).
The calculated @ factors for the modified H1 cavity and
the corresponding mode volumes are shown in Fig. 2. In
Fig. 2(a), the @ factors of V-dipole cavity mode for " /r
ratios from 0.6 to 1 are plotted. Each curve represents
different ' from 0.154a to 0.231a. We can see an evident
trend that, with reducing 7" /r ratio, the @ factor raises
and reaches its maximum around " /r = 0.65-0.75. How-
ever, it falls rapidly when the »”/r ratio comes to about
0.6. The strongest dependence is obtained with
¥ = 0.192a. The @ factor for an unmodified H1 cavity
(r"/r = 1) is about 33,000 and reaches the highest value
about 120,000 for the modified one of " /r = 0.7. A four-
fold Q-factor enhancement has been achieved. However,
for other 7/, this enhancement becomes less significant.
On the other hand, the corresponding mode volumes V
are plotted in Fig. 2(b). With decreasing 7”"/r ratios,
the mode volumes V increases monotonically for all 7.
Nevertheless, the increased amount is all less than 14%
so the parameter Q/V, which governs the coupling
strength between cavity and emitter, could be increased.
In addition, we would like to note that based on the si-
mulated results, the parameters 7/, s, and " are rather
critical to obtain a high @ factor of modified H1 cavity.
With appropriate 7' and s, a well-tuned 7" could give us an
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Fig. 2. (a) Simulated @ factors against varied 1" /r ratios. Each

line represents individual value of ' from 0.154a to 0.231a.
(b) Corresponding mode volumes.

extremely high @ factor. This, of course, would be a chal-
lenging task for fabricating the real devices.

To understand how the H1 cavity with modified +" /r
ratio reaches a high @ factor, in Fig. 3 we plot the simu-
lated electric field (E,,) distribution and the correspond-
ing spatial Fourier transformation in tangential k-vector
space (k) for the V-dipole mode. The simulated param-
eters are the same as those used in Fig. 2 except that 7’ is
fixed at 0.192a. Note that the color scales of the Fourier
transform profiles are plotted in natural logarithm scale
for clarity. In the upper row of Fig. 3, the electric field
distributions at a plane of z = 0 (the center of the mem-
brane) of the cavities with +"/r = 0.6, 0.7, 0.9, and 1.0
have no clear difference between each other. However,
in the lower row of Fig. 3, the Fourier transformed pro-
files show interesting features inside the centered light
cone indicated by the white circles. Inside the light-cone
circle, the tangential k-component decreases gradually
when the 7" /r ratios reduces from 1.0 to 0.7 and then in-
creases slightly for that of 0.6. This is consistent with the
trend of @ factors in Fig. 2(a). The correlation between
the @ factors and the Fourier transform components in-
side a light cone is expected because the Fourier trans-
form components inside the light cone represent the
components of leakage modes for which light would es-
cape out of the membrane cavity [14]. More specifically,
the light cone is defined as the region for which tangen-
tial k-vector component (|k;|) is smaller than 2z/4
(where 4, is the wavelength of light in vacuum). When
|k | of light lies outside light cone (|k| > 27/4,), total in-
ternal reflection condition is satisfied at the interface
between cavity membrane and vacuum, thus light can
be confined inside the membrane. Therefore, by reducing
the tangential component |k;| inside the light cone
(|ky| < 27/2), the Q factor of the cavity can be in-
creased. This explanation has also been stated clearly
in [14] for the case of L3 cavity.
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In our experiment, the modified H1 PhC cavities have
been fabricated on a semi-insulating (100) GaAs sub-
strate. The layers were grown by a Varian Gen Il molecu-
lar beam epitaxy system with solid sources. The
sacrificial layer of 1.2 pm thick Al)¢Gagy;As was grown
on the buffered GaAs layer. The InAs QDs centered at
130 nm GaAs were formed with the Stranski—Krastanow
mode. To fabricate the PhC cavity, we deposited a SiN,
layer of about 200 nm on the sample as a hard mask by
using plasma-enhanced chemical vapor deposition. The
PhC cavities were patterned on poly methyl methacrylate
(PMMA) resist using e-beam lithography. An inductively
coupled plasma/reactive ion etching system was used to
transfer the patterns from PMMA to SiN, layer by using
gases O, /CHF}3, and then from SiN,. to GaAs cavity layer
by using gases of Ar/SiCly. Finally, to confine the light in
the z direction by total internal reflection, the suspending
membrane was released by removing the sacrificial layer
with HF solution. The emission spectra of cavities were
measured at 50 K in a microphotoluminescence (u-PL)
setup. A He—Ne laser beam was focused onto the cavity
through a microscope objective (N.A. = 0.5). The ex-
cited PL signals were collected by the same objective,
dispersed through a grating monochromator (0.75 m
long), and then detected by a liquid-nitrogen-cooled
charged-coupled device, which connected to the exit
of the monochromator. The spectral resolution is about
40 peV.

Figure 4(a) shows the top-viewed scanning electron
microscopy (SEM) image of one fabricated H1 cavity.
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Fig. 4. (a) Top view of SEM image for fabricated H1 cavity.
The right figures are the local enlarged images of the six nearest
holes and those in region II. (b) Measured spectra showing H-
and V-dipole modes of an H1 cavity. The blue and red dots were
measured data, and the blue and red curves were fitted data.
Inset: the polar plot of cavity modes.
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Together with the enlarged images on the right, we
can see that the sizes of the six nearest holes and those
in the region I and II has been reduced. In Fig. 4(b),
the measured spectra taken from one of the fabricated
H1 cavities are shown. Two peaks arising from the two
fundamental dipole modes (H and V dipoles) are clearly
observed. The nondegeneracy arises from unavoidable
imperfection during device processing. The difference
of peak energies between two dipole modes is about
0.1-2.0 meV among the studied devices. The measured
polar plot of the two modes is shown as the inset in
Fig. 4(b). It is obvious that two dipole modes are linearly
polarized and orthogonal to each other as expected.
The spectra of more than 40 devices were measured
and the intentional size parameters of these devices
are a = 260 nm, r = 0.25a, s = 0.12a, and 7' = 0.192a.
To see the effect of 7’ /r ratio on @ factor and to minimize
the influence of fabrication nonuniformity, we arrange
the devices in group so the every four devices with four
different 7" are within an area of 1 mm?. The measured
results are shown in Fig. 5(a). Note that the @ factors in
Fig. 5(a) are the average values of two dipole modes. The
@ factors of the devices in the same group are plotted
with the same symbol. In Fig. 5(a), the devices with
v" /r ratio of 1 (reference devices) have the @ factors
in the range of 5000-8000 due to the fabrication nonun-
iformity. Comparing with calculated @ factors shown in
Fig. 2(a), the experimental ones are much lower, which
we attribute to the imperfection during the sample
growth and/or the device fabrication. Nevertheless,
among the measured devices, we still can see a common
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trend that @ factors gradually increase with decreasing
7" /r ratios. When the #”/r ratio comes down to 0.769,
the trend becomes unclear. This trend was considerably
consistent with the simulated results in Fig. 2(a). We also
calculate the enhancement factors defined with @-factor
ratio between devices with modified " and unmodified
ones. In Fig. 5(b), it is apparent that the enhancement
factors of almost all devices with modified " are larger
than 1. This tells us that our method is quite effective for
Q-factor improvement. That is, even with the fabrication
nonuniformity from one device to the other, the @-factor
enhancement still exists. The highest enhancement fac-
tor is about 1.55 and the highest @ factor is about 11,700.

In conclusion, we have presented a design for enhanc-
ing the @ factor of H1 PhC cavity. The recorded @ factor
of 120,000 in theory has been achieved with a slight
increase of mode volume. In experiment, the @ factors
have be improved from 5000-8000 to about 11,700. With
our design, one could introduce QDs in the cavity for
generating an entangled photon pair by the strong cou-
pling effect.
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