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Abstract

We for the first time demonstrate strong coupling
between a single quantum dot and a GaAs-based
L4/3-type photonic crystal nanocavity, which supports a
very-high Q factor together with an extremely small
mode volume. In stark contrast to a leading platform
using an HO-type nanocavity, its field distribution has
the electric field maximum within the host dielectric
material, thereby being more suitable for enhancing
strong coupling with a single quantum dot embedded
therein. We experimentally investigate a fabricated L4/3
cavity by photoluminescence measurements and observe
a high quality factor of 33,000. We confirm that the
quantum dot-nanocavity system is in strong coupling
regime through measuring a clear vacuum Rabi splitting
of ~ 87 ueV at the resonance.

1. Introduction

Photonic crystal (PhC) nanocavities are one of the best
platforms to study strong coupling with quantum dots (QDs),
because of their small mode volumes () and high quality
(Q) factors. Since the first observation of strong coupling by
measuring vacuum Rabi splitting (VRS)[1], strongly cou-
pled QD-cavity systems have been used to study intriguing
phenomena in cavity quantum electrodynamics (CQED)[2]
and to develop diverse quantum information processing de-
vices[3]. For pursuing better device performances and ex-
ploring novel physics, it is desirable to realize a higher cou-
pling constant g (o< V*2) and a lower cavity decay rate x
(< 1/Q), which make the CQED system more coherent.

In our previous work, we have demonstrated a very large
g of over 160 peV using an HO-type PhC nanocavity that
possesses a high O and a near-diffraction-limited FV[4].
Meanwhile, the electric field maxima of the fundamental
mode of the HO nanocavity are located inside the airholes,
hindering maximizing its coupling to a QD and hence de-
grading the maximum achievable g. Recently, Minkov et al.,
proposed a novel cavity design, L4/3-type PhC nanocavity,
which supports a high design Q factor and a small ¥ com-
parable with those of the HO nanocavity[5]. Importantly, its
field maximum is located at the cavity center filled with the
host dielectric material. These properties are promising to
largely improve g while keeping x low, potentially enabling
the access to hitherto-unexplored QD-CQED physics.

In this study, we for the first time demonstrate strong
coupling between a single QD and an L4/3 PhC nanocavity,

which is designed to support a high design QO factor over 8§
million while keeping a very small ¥ close to the diffraction
limit. The designed nanocavity was fabricated into a GaAs
slab embedding InAs QDs and was investigated by mi-
cro-photoluminescence (#PL) measurements. We observed a
high experimental QO factor of 33,000, which enables the
observation of a clear VRS of ~ 87 ueV.

2. Cavity design

First, we discuss the design basic of an L4/3 PhC cavity.
We start from a L3-type PhC nanocavity, consisting of three
missing airholes in a triangle-lattice PhC. We then add four
airholes with equal intervals to defined the L4/3 cavity, as
schematically shown in Fig. 1(a). These additional holes
play an important role in squeezing the electric field distri-
bution into the cavity center, leading to a largely reduced
compared to that of the original L3 design. We set the PhC
lattice constant (a), airhole radius and slab thickness to be
260nm, 61 nm and 130nm, respectively. We then introduced
airhole shifts (sx and sy) to improve Q factor. Figure 1(b)
shows the details of the shifts of airhole positions. By em-
ploying 11 shift parameters reported in [5], we obtained a
calculate O factor of ~8 million, while keeping a small V" of
0.32(A/n)* (resonant wavelength of 2 = 970 nm, slab refrac-
tive index n = 3.46). Figure 1(c) shows an electric field dis-
tribution of the fundamental cavity mode calculated by the
finite difference time domain method.

L3 cavity

(C) @ 6 O 0 ©® (
UV @0 @Oe®e oo
DO FAPFAOWI® O (
loo oldiiele oo
E\:)O;’)Q(\;(\Q(m
E’,>'")OQOO>’1‘€

| 1
) @g»\ 00O Cmmmmi

Fig. 1 (a) Schematic illustration of the L3 (left) and L4/3 (right)
nanocavity. (b) Details of the airhole shifts. The shifted airholes are
marked in red. Black and blue arrows show the directions of the
shifts. In the actual design, we applied symmetric shifts with re-
spect to the mirror plane across the cavity center (white lines). (c)
Simulated cavity mode profile (Ey) of the investigated cavity mode.
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Table 1 shows a summary of key parameters comparing
the L4/3 nanocavity with other conventional PhC nanocavity
designs. The Q values for all the cavities are over millions.
The Vs of the L4/3 and HO nanocavity are about 3~4 times
smaller than those of the heterostructure-type and L3-type
cavity. The maximum coupling constants (gmaxs) are also
about two times higher for the L4/3 and HO design. Mean-
while, as we mentioned earlier, it is difficult for the HO
nanocavity to achieve the maximum coupling with a QD,
while the L4/3 can do it by placing the QD at the cavity
center (Fig.2 (b)). Overall, the L4/3 nanocavity is advanta-
geous for realizing a higher g with keeping a high Q factor.

Table 1. Comparison of the L4/3 nanocavity with other PhC
nanocavity structures. All the Qs are theoretical values and are on
the order of millions. gmaxs are estimated via the relationship of g
oc VY2 and are normalized to that of the heterostructure cavity.

Cavity type v (AIn)? Q (x109 Zmax
L4/3 (this work) 0.32 8 2.1
HO[6] 0.25 1 2.4
L3[6] 0.95 4.2 1.2
Heterostructure[ 7] 1.4 130 1

3. Sample preparation and optical measurement

By using standard semiconductor nanofabrication pro-
cesses, we patterned the designed cavity into a 130nm-thick
GaAs slab, grown on a 1 pm-thick AlGaAs sacrificial layer.
The slab contains a single layer of low-density InAs QDs at
the middle. Figure 2(a) shows a scanning electron micro-
scope (SEM) image of a fabricated cavity.

We performed pPL measurements in order to character-
ize the fabricated sample. The sample was kept at 5 K in a
liquid helium flow cryostat and pumped by an 808 nm con-
tinuous wave laser. The PL signal was collected by an ob-
jective lens and resolved by a spectrometer equipped with a
Si CCD detector. Figure 2(b) shows a PL spectrum of the
fundamental cavity mode recorded under an excitation pow-
er of 16 nW. We fitted the spectrum by a Voigt function
with fixing its Gaussian part that represents our spectrome-
ter resolution of 21 weV. From the fitting, we obtained a
high Q factor of 33,000 (corresponding x = 40 ueV).

We then investigated coupling properties between a QD
and the cavity mode with changing cavity mode wavelength
using a Xe Gas condensation technique[8]. Figure 2(c) dis-
plays a color map of PL spectra. When the cavity mode
crosses the QD emission line at 937.36 nm, we observed a
clear anti-crossing, which indicates the system is in strong
coupling regime. Figure 2(d) shows a vacuum Rabi spec-
trum with a splitting of ~87 eV obtained under the
QD-cavity resonance condition. The additional center peak
originates form the bare cavity emission[2]. From the split-
ting and x, we extracted a g of 45 ueV using the following
equation: g =\/(VRS/2)% + (i/4)2. Here we neglected the
minor influence of QD spontancous emission decay. The
obtained g is much smaller than that previously reported
using a HO nanocavity [4]. This could be due to a large dis-

placement of the QD position from the cavity field maxi-
mum. We believe that it is possible to obtain a higher g in
the future, using a precise QD position detection technique
in conjunction with active QD position alignment meth-
ods[2,9].
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Fig. 2 (a) Top view SEM image of a fabricated cavity. White arrow
indicates the cavity center. (b) Measured PL spectrum of the inves-
tigated cavity mode under a far detuned condition. Red line is a
fitting curve with a Voigt peak function. (¢) Color map of PL spec-
tra. (d) Vacuum Rabi spectrum taken under the QD-cavity reso-
nance condition. Colored solid lines denote fitting curves.

4. Conclusions

We observed strong coupling between a single QD and
an L4/3-type PhC nanocavity. The cavity supports a high
design Q factor of ~ 8 million while maintaining a very
small V of ~ 0.32 (A/n)’>. We experimentally evaluated the
fundamental cavity mode by 4PL experiments and obtained
a high QO factor of 33,000. At the QD-cavity resonance, we
observed a clear VRS of ~ 87 ueV, corresponding to an ex-
perimental g of 45 ueV. These results will be a great step to
realize a QD-nanocavity coupled system with a much larger
g and a small k, opening up the way to explore diverse
QD-CQED applications.
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