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Abstract

This letter explores the design, fabrication and characterization of multimode photonic crystal cavities to
support the emission of quantum dots via the Purcell effect. The results showed the existence of three optical
resonant modes with high quality factors (~10%) as well as achievement of different field distributions to
match the positions of quantum dots. Despite that the experimental values of Purcell factor were lower than
5 — compared to theoretical values reaching 100 — the proposed design was successful in light trapping and
producing strong resonance. This work shows the possibility to use these multimode cavities to support the
control of emission and applications of integrated photonic quantum circuits.
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1. Introduction

Nanobeam photonic crystal cavities are one of the
most promising platforms in the field of quantum
information due to their super capability to confine
light within ultra-small sizes near the wavelength
scale. This leads to exceptionally support the light-
matter interaction. The designs of these cavities
depend on the construction photonic bandgap
throughout a periodic pattern of holes in a nanowaire.
This allows to trap the optical modes inside the
central defect region. The maximum significance of
these structures show an ability to achieve high
quality Q-factor accompanied by very small mode
size to allow the appearance of Purcell effect.
Theoretically, Purcell factor (Fp) is defined as the
measure of the acceleration of the spontaneous
emission rate of the light source inside the cavity
compared to the free space. It is expressed
mathematically as:

3 (A3 0
FP = m(;) Veff (1)
where A is the wavelength, and n is the refractive
index

The transformation from monomode to
multimode systems presents new tool to simultaneous
control the emissions at different frequencies. This
supports the design flexibility in the applications
requiring complex quantum correlation or ultra-
accurate sensing.

The semiconducting quantum dots — mostly
referred to as artificial atoms — are considered as the
ideal partner of radiation nano-cavities due to their
narrow emission lines and high efficiencies as single-
photon emitters. When such quantum dots are
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incorporated into a multimode cavity, it is possible to
adjust the energy levels of the quantum dots to match
one of the cavity modes. This leads to support the
Purcell enhancement and guide the emitted photons
with high efficiency towards a critical output
situation. Current research works aim to invest the
multimode feature to overcome the conventional
restrictions of the frequency bandwidth. Such cavities
allow strong coupling or weak coupling with the
multiple energy levels of quantum dots, and then
enhance the purity of single photons and
indistinguishability.

The deep understanding of theoretical concepts
relating the classical electromagnetism and quantum
dynamics inside such cavities can be considered as
the key to improve integrated quantum photonic
circuits with ability to operate at high efficiency as
the mode engineering plays a crucial role in
decreasing the light loss, and increasing the emitter-
cavity coupling rate.

2. Experimental Part

GaAs photonic crystal cavities based on
multimode nanobeams were designed, fabricated and
characterized to support the emission of quantum dots
(QDs) via the Purcell effect as the high optical cavity
is maintained. The experimental work was started by
determining the engineering standards to keep the
quantum dots far from the grooved edges at a distance
not smaller than 300 nm to avoid the spectral
broadening resulted from the surface defects. These
structures were fabricated on a radially-grown wafer
containing a 190nm GaAs layer and InAs QDs with
density higher than 1 /um? over a layer of AlGaAs.
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The fabrication process was performed by electron
beam lithography and inductively-coupled reactive
plasma ionic lithography to translate the nanomodes
to the GaAs layer. Then the AlGaAs layer was
removed by HF treatment to produce hollow
structures. In order to characterize the performance,
an imaging setup for micro-photoluminescence (PL)
at very low temperature (1.8K) while the device is
excited with a 780nm laser source.

Measurements showed the presence of three
apparent optical resonance modes to agree with the
simulation expectations and Q-factor of about 103,
The radiative decay measurements were carried out to
11 single quantum dots coupled to these cavities
using ultra-sensitive photonic detectors. Despite that
the theoretical expectations refer to the possibility of
achieving Purcell factor up to 100, the experimental
findings showed values lower than 5, and this
difference is attributed to the excitonic dynamics and
the temperature of slow carriers resulted from the
nonresonant excitation, in addition to the random
distribution of QDs positions. A numerical simulation
confirmed that these factors limit the ability to track
larger modifications under the conditions of the
current experiment.

Fig. (1) A microscopic image of the photonic crystal cavities
based on multimode nanobeams fabricated in this work

3. Results and Discussion

Figure (2) shows the spatial distribution of the
transverse electric field component (TEMgo, TEMo,
and TEMy,) incorporated in a multimode GaAs
nanobeam waveguide. The dimensions of this
waveguide are maintained at 750nm width and
400nm thickness at wavelength of 940nm. These
dimensions represent the practical model fabricated
and discussed in this work. In the TEMyy mode, the
field intensity distribution is concentrated at the
center of the structure away from the edges, which
makes it ideal to achieve strong match to the uantum
dots at the center. The TEMo; mode shows that the
field distribution splits into two longitudinal parts
with a node at the center. The TEMp, mode shows
three transversely-distributed parts of field intensity.

These modes are significantly important in
designing photonic crystal nanocavities as they —
according to the proposed simulation — contribute to
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the formation of optical resonances (M5, M6, and
M7). For instance, the M7 resonance reasonably
depends on the components of the fundamental mode
(TEMyo), while the M5 and M6 resonances represent
the field beating resulted from higher order modes
like TEMo,. The use of a 750nm-width waveguide is
intended strategy to ensure that the quantum dots are
far enough from the side walls of the groove. This
reduces the spectral broadening resulted from charge
fluctuations on the surfaces. The formation of
multimodes increases the design complexity when
compared to the single-mode waveguides, however,
these spatial distributions allow higher flexibility for
resonant excitation of quantum dots throughout the
higher-ordered modes while quality factors up to 103
and small mode sizes are sufficiently maintained to
provide reasonable increase in the spontaneous
emission rate (Purcell effect) exceeding 100 in the
ideal situations.

Fig. (2) Spatial distributions of transverse-electric (TE) modes
of multimode nanobeam waveguide (750nm width and 400nm
thickness) at 940nm wavelength

Figure (3) shows the photoluminescence (PL)
spectra recorded for the three different photonic GaAs
crystal cavities designed using the multimode
nanobeam waveguides. These spectra were produced
by ensemble InAs quantum dots at the center of GaAs
layer using a powerful nonresonant excitation laser
with 940nm wavelength at low temperature. These
spectra clearly show three resonant sharp peaks for
each device, classified according to the theoretical
modeling of M5, M6, and M7 modes as these peaks
lie within the emission range of the quantum dots of
900-1050nm). The possible variations in the
geometry and refractive index were considered
according to the finite-element modeling (FEM).
Based on these spectra, the increase in the minimum
lattice parameter (am) from 160 to 180 nm leads to an
apparent redshift in the resonant peaks for all modes,
which completely agrees with the physical concepts
of the photonic cavities where the resonance
wavelength increase with geometrical dimensions.
The experimentally-measured quality factors (Q) of
these peaks differ as the M7 mode shows the
maximum PL intensity at an,=170nm as all values
were in the theoretically-expected range (10%).

Appearance of sharp peaks in the emission
background of the quantum dots confirms that the
design is successful in light trapping and generating
strong optical resonances despite the complex
multimode nature of the waveguide. The matching
between measured and simulated peaks refers to the
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accurate fabrication using electron-beam lithography
and ionic reactive grooving. These spectra can be
considered as an optical fingerprint allowing
researchers to determine the modes for later coupling
with the single quantum dots to study the Purcell
effect. While the strong nonresonant excitation shows
an excellent cavity response, it is shown that study of
accurate radiative decay requires different excitation
conditions to overcome the bottle-neck phonon
effects and carrier relaxation dynamics, which may
not be apparently observed in continuous PL spectra
but affect the lifetime measurements.
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Fig. (3) Measured PL spectra produced by QDs ensemble
under strong nonresonant optical excitation for multimode
nanobeam cavities

4. Conclusion

In concluding remarks, the designed and
fabricated multimode photonic GaAs crystal cavities
can efficiently trap the light and produce featured
optical resonant modes with quality factors up to 10,
which support the light-matter interaction. Despite
that the measured Purcell factor values were lower
than 5, the proposed design confirmed its ability to
match the field modes with the positions of quantum
dots and narrowed spectral broadening. Results
highlight the practical limitations, such as excitonic
dynamics and random dot distribution, with the
capability of such multimode devices to develop
integrated photonic quantum circuits with much more
complexity and flexibility.
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