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Abstract
We present finite-difference time domain simulations and optical characterizations via
micro-photoluminescence measurements of InP-based L4/3 photonic crystal cavities with
embedded quantum dots (QDs) and designed for the M1 ground mode to be emitting at telecom
C-band wavelengths. The simulated M1 Q-factor values exceed 106, while the M1 mode volume
is found to be 0.33 × (λ/n)3, which is less than half the value of the M1 mode volume of a
comparable L3 cavity. Low-temperature micro-photoluminescence measurements revealed
experimental M1 Q-factor values on the order of 104 with emission wavelengths around
1.55 µm. Weak coupling behavior of the QD exciton line and the M1 ground mode was
achieved via temperature-tuning experiments.
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1. Introduction

Strong-coupling phenomena in an atom-like emitter–cavity
system hold huge potential for quantum information pro-
cessing applications, such as being fundamental building
blocks for quantum-phase gates [1] and quantum computing
schemes [2]. Semiconductor quantum dots (QDs) embedded
in photonic crystal (PhC) cavities are promising candidates to
achieve strong-coupling phenomena in a solid-state platform,
and offer the potential of scalable quantum systems. Strong
coupling in GaAs-based PhC cavities with embedded InAs
QDs was already observed in the mid 2000s [3, 4], with emis-
sion wavelengths below 1000 nm [5–9], which is not compat-
ible with fiber-based quantum communication.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

InP-based QDs, on the other hand, offer the possibility
to achieve high-quality (single) QD emission around 1.5 µm
[10] with vanishing fine-structure splitting [11]. Fabrication
and optical investigation of InP-based L3 PhC cavities show-
ing a weak-coupling regime have recently been reported
[12–14]. Several factors can influence the coupling behavior
of a cavity– QD system, including spectral and spatial match-
ing of the mode and QD, as well as the optical qualities of the
cavity. Regarding the latter, the fraction of quality factor to
mode volume Q/V needs to be as high as possible to achieve
strong coupling [15]. Therefore, PhC cavities with large Q-
factors and small mode volume are desired. The L3 PhC cav-
ity is a commonly used design, which is formed by three miss-
ing air-holes in a hexagonal air-hole lattice in a free-standing
semiconductor membrane. Q-factor values of about a few 104

to 105 for passive silicon-based L3 cavities have been reported
[16, 17], which could be increased to more than 106 by further
design optimization (e.g. hole shift) [18–22].

The M1 ground mode volume for L3-cavities is on the
order of 0.8 (λ/n)3 [3, 17, 23], which is sufficient to achieve
strong coupling in GaAs-based PhCs with embedded QDs for
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Q-factors of 13 300 [4], or even as low as 9200 if the spatial
overlap between the QD and PhC is ensured [6]. The lower
experimentally observed Q-factors of GaAs-based PhCs con-
taining QDs are likely caused by additional absorption com-
pared to passive Si-based PhCs and a less developed fabrica-
tion process. This might affect the InP material system even
more, since fabrication is even less established than for the
case of GaAs PhCs, which likely explains the currently repor-
ted highest Q-factors for the M1 mode being limited to below
8600 [12] and the fact that no observation of strong coupling
has yet been reported.

To achieve the strong-coupling regime in InP-based PhC
cavities, a decrease in mode volume is desirable in order to
increase the Q/V value. This requires a change in the cavity
design to reduce the mode volume and an improvement in
the fabrication process to increase the experimental Q-factor.
Based on a theoretical work, Minkov et al have proposed an
alternative PhC cavity design, for which they found simulated
ground mode Q-factors of tenths of millions and reduction of
the mode volume to about V ∼ 0.32 × (λ/n)3 [24]. This design
is called the L4/3 PhC cavity, and is also based on a hexagonal
air-hole lattice but, instead of forming the cavity by remov-
ing three holes as in the L3 cavity case, four holes are intro-
duced as shown in figure 1(a). The reduced amount of dielec-
tric material causes a reduction in mode volume of more than
a factor of two compared to the L3 design. The L4/3 PhC is
regarded as superior to the L3 PhC design for achieving the
strong-coupling regime due to the increased Q/V ratio [24].
Taking into account the reported experimental Q-factors for
InP-based L3 PhC cavities, a strong coupling could be feasible
for the L4/3 PhC design due to decreased mode volume [12].
It should be noted that, although there are other cavity designs
with even higher reported Q-factors, and comparable Q/V to
the L4/3 design for passive silicon devices [25], these designs
do not achieve as small mode volumes as the L4/3 cavity. The
high Q/V in this case is achieved by the Q-factor, which is
more su sceptible to fabrication than the mode volume.

In this work, we report on simulation and fabrication of
InP-based L4/3 PhC cavities for telecom C-band emission
around 1.55 µm. The PhC cavities with embedded InAs QDs
emitting are successfully fabricated using electron beam litho-
graphy and different etching steps. The optical properties
of the fabricated cavities are investigated using polarization-
dependent micro-photoluminescence (µ-PL) spectroscopy.
Low-temperature PL measurements show sharp cavity modes
with Q-factors exceeding 10 000. Due to the random distribu-
tion of the embedded dots in the cavities, temperature-tuning
experiments with a suitable QD could only be carried out for
an L4/3 cavity with a Q-factor of 5600, showing weak coup-
ling of a QD emission line with the cavity mode.

2. Methods

Three-dimensional finite-difference time domain (3D-FDTD)
simulations [26] were carried out to simulate the proper-
ties of L4/3 PhC cavities [24]. The simulation area consisted
of a slab with thickness t and a constant refractive index

Figure 1. (a) L4/3 cavity layout with inner-hole shifts of 0.005a to
0.2a. (b) Simulated L4/3 cavity spectrum exhibiting four modes
labeled M1 to M4. (c)–(f) |E|2 near-field distribution of the M1, M2,
M3 and M4 modes shown in the spectrum (b).

(nInP, 300 K = 3.1467) with a hole radius r and a lattice-period
a. TE-dipole sources were used for excitation of the cavity
modes. Near-field data were recorded at the center of the slab
plane (z= 0). The investigated samples consisted of InAs QDs
of medium density embedded in an InP-matrix grown on top
of a sacrificial layer by solid-source molecular beam epitaxy.
The ensemble QD emission covered a relatively wide range of
wavelengths starting from ∼1200 nm to about 1650 nm with
a maximum PL intensity centred arround 1550 nm at cryo-
genic temperature. A similar fabrication process as in [12]
was used to fabricate the PhC cavities. For µ-PL measure-
ments, the samples were placed inside a helium-flow cryostat.
A continuous-wave laser (λ= 532 nm), focused by an object-
ive with numerical aperture of 0.7 to a spot size of ∼1 µm
was used for optical excitation. The emitted light was collected
through the same objective and spectrally filtered by a 0.75 m
focal length spectrometer, equipped with a liquid nitrogen-
cooled InGaAs detector.

3. Results

Figure 1(a) shows the layout of the L4/3 cavity with inner-
hole shifts [24], proposed for optimization of the M1 mode
Q-factor. Figure 1(b) displays the cavity mode spectrum
obtained from the FDTD simulation. To simulate the emission
wavelength and mode volume a simulation grid resolution of
0.1a was used. In the FDTD simulations, the following values
were used: a= 420 nm, r = 110 nm and t = 310 nm with hole
shifts of 0.005a to 0.2a Four distinct peaks are identified, cor-
responding to four cavity modes labeled as M1 to M4, where
near-fields are displayed in figure 1(c)–(f). The simulated M1
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ground mode emission appears at around 1.55 µm with mode
volume VM1 ∼ 0.33 × (λ/n)3. A simulated Q-factor value of
QM1 ∼ 3.8 × 106 is obtained, which is an order of magnitude
smaller than those reported in [24] for the same applied hole
shift design in Si. This is expected considering the low grid
resolution used of 0.1a. We checked the influence of the res-
olution on the obtained Q-factor for the Si-based L4/3 cav-
ity in [24] with our simulation. Using a two-fold finer grid
size than for the InP-based simulation (i.e. 0.05a) results in
QM1,Si ∼ 7.4 × 106, which is on the same order as for the case
of the InP-based PhC. Note that the slight changes in r and t
for the InP-based PhC cavity could additionally lower the Q-
values. These results show that the InP-based L4/3 cavity can
exhibit high theoretical Q-factors of at least 106 while being
able to achieve 2–3 times smaller mode volumes for the M1
ground mode compared to an InP-based L3 cavity, and thus
can provide a better Q/V ratio.

Though the work in [24] was focused on the properties of
the M1 ground mode, in the present work we show that L4/3
PhC cavities are also able to support higher modes, as can
be seen in figure 1(b). The M2 mode has the highest simu-
lated QM2 ∼ 7300 among the observed modes but larger mode
volume compared to the M1 mode, as can be seen in the near-
field profile of figure 1(d). It should be noted that the additional
modes only appear in the simulated spectra if the hole shifts
are applied to the cavity. The L4/3 cavity without hole-shift
optimization only supports the M1 ground mode.

Figure 2. (a) Room temperature µ-PL spectra of PhC L4/3 cavities
with constant period a and thickness t and varying hole radius
r1 ∼ 110 nm > r2 ∼ 100 nm > r3 ∼ 90 nm taken at ∼100 µW
excitation power. (b) Scanning electron microscope image of the
InP-based L4/3 cavity. (c) Unpolarized µ-PL spectrum of the cavity
with radius r2. The inset shows the polarization dependence of the
four identified cavity modes.

Figure 2 shows room temperature µ-PL data for the fab-
ricated InP-based based L4/3 cavities with varying hole size,
as well as polarization-dependent measurements. Figure 2(a)

displays the µ-PL spectra taken at room temperature for cav-
ities with identical period length a ∼ 420 nm and mem-
brane thickness t ∼ 310 nm, but with different hole radii
r1 ∼ 110 nm > r2 ∼ 100 nm > r3 ∼ 90 nm. As can be seen, the
sharp peak at lowest energy, which is attributed to the respect-
ive cavity ground mode M1, fits the expected wavelength of
around 1.55 µm well for the ∼ 100 nm radius. In figure 2(b),
a scanning electron microscope image of the PhC cavity is
presented, showing clearly the applied shifts.

To assign the different peaks in the PL spectra, polarization-
dependent measurements were performed as shown in
figure 2(c) for the cavity with radius r2. The measured four
cavity modes M1 to M4 can be identified and are assigned in
the unpolarized spectrum in figure 2(c). M1 and M4 show lin-
early vertical polarized emission (90◦) and M2 and M4 show
linearly horizontal polarized emission (0◦).

Furthermore, M3 and M4 are clearly visible in the experi-
mental spectra for the cavity with hole radius r2, whereas the
M4 mode is missing for the cavity with hole radius r1 and very
weak for the r3 cavity, indicating that they are sensitive to the
fabrication process.

Figure 3. (a) Low-temperature (T = 10 K) PL spectra taken
at ∼100 µW excitation power for the same cavities as in figure 2.
(b) High-resolution PL spectrum taken at 10 K and 200 µW
excitation power for the cavity with hole radius r1. The M1 Q-factor
exceeds 10 000. (c) M1 Q-factor of the cavities in (a) versus the
excitation power.

Figure 3(a) illustrates low-temperature PL spectra of the
fabricated PhC cavities taken at high excitation power. By
appropriate choice of the hole radius (in this case r3) M1
emission could be shifted to a telecom C-band wavelength of
1.55 µm. A high-resolution PL spectrum of the M1 mode from
the cavity with radius r1 is shown in figure 3(b) where a Q-
factor exceeding 10 000 is measured. Figure 3(c) shows the
measured M1 Q-factors of the cavities with varying excita-
tion powers for the three different radii. The Q-factor values
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increase with increasing excitation power; this is due to the
saturation of QD transitions [27]. Additionally, M2 Q-factors
of ∼2900 and ∼3400 were measured for the cavities with radii
r1 and r2 in agreement with the simulations. For comparison,
the experimental Q-factor values of the M2 and M3 modes in
an L3 cavity are around 1000 and 400, respectively [13, 23].
Note that the PL spectrum for the cavity with r3 was obtained
using a different fabrication process of the same wafer from
that for the cavities with r1 and r2. The differences in Q-factor
for cavities with these three radii could also be related to the
fabrication process.

Figure 4. (a) Low-temperature µ-PL spectrum taken at P ∼100 µW
excitation power for an L4/3 cavity with hole radius r1. (b) µ-PL
spectrum (T = 10 K) of the cavity taken at P ∼ 650 nW excitation
power. (c) Temperature-dependent measurements of the excitonic
line and M1 mode.

Due to the lack of QDs spectrally near the high Q M1
modes of the cavities in figure 3(a), no temperature-tuning
experiments could be carried out for these cavities. An addi-
tional low-temperature µ-PL spectrum of a cavity with radius
r1 taken ∼100 µW excitation power is shown in figure 4(a).
The measured Q-factor of the M1 mode is about 5600. Redu-
cing the excitation laser power to P ∼ 650 nW, a sharp emis-
sion line near the M1 mode is visible. This line originates from
a single QD. The emission of this excitonic line is spectrally
very close to the M1 mode and has lower intensity, there-
fore using power-dependent measurements did not allow us
to identify the nature of this excitonic line. Using temperature-
dependent measurements, the excitonic line is tuned to the M1

mode, which exhibits an increase in intensity when in reson-
ance with the M1 mode at 24 K, which shows evidence of a
weak coupling behavior. The peak intensity of the QD emis-
sion line at T = 5 K is enhanced by a factor of 6 in the res-
onance case with M1 at 24 K. This low enhancement is most
likely caused by an insufficient spatial overlap of the QD and
cavity mode.

4. Conclusion

InP-based L4/3 cavities with high (Q/V) M1 ground mode
emitting at 1.55 µm are simulated, fabricated and experiment-
ally investigated by µ-PL spectroscopy. The measured Q-
factors of cavities with embedded QDs are found to exceed
104. Furthermore, several higher-energy modes are observed
in agreement with  the FDTD simulations and identified by
polarization-dependent measurements. A weak coupling beha-
vior is observed using temperature tuning of the excitonic line
to the M1 cavity mode, evidenced by enhancement emission
when the excitonic line is in resonance with the cavity mode.
These results are encouraging, even though no strong coupling
is obtained, that with a reduced cavity mode volume and reas-
onably high Q-factor, with additional improvement in the fab-
rication process, strong coupling could be achieved. Further
investigations to prove this have to overcome the challenges of
spatial and spectral matching of the QD and the cavity mode,
e.g. by employing deterministic techniques.
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