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We present slow-light photonic crystal waveguide designs that provide a x8.6 improvement of
the local density of optical states at a fully chiral point over previous designs.

Keywords: polarisation singularities, photonic crystal waveguides, slow light

(Some figures may appear in colour only in the online journal)

1. Introduction

Chirality of light in (nano-)photonic structures is proving to
be a valuable resource [1-3]. In quantum optics, chirality
couples the spin direction of electrons to the travel direction
of light. This chiral light-matter interaction is at its most
useful when the chirality reaches 100% at a singular position
known as a C-point. A quantum dot (QD) placed at a C-point
can display a spin-dependent unidirectional-emission [4]an
attractive property for quantum optics, as it allows spin-
encoded static qubits to be converted to path-encoded flying
qubits. Further, ensembles of emitters coupled to a chiral
waveguide can show remarkable entanglement proper-
ties [5, 6].

Photonic crystal waveguides (PhCWGs) present several
unique benefits to realising chirality-direction coupling.
Firstly, the longitudinal component of the waveguide modes
is large, meaning that C-points with 100% chirality are
common, and moreover tend to occur in the high-index part
of the waveguide, where a QD could be placed. Secondly
PhCWGs support slow-light. Extending the benefits of slow-
light to the interaction of a QD at a C-point is attractive.
Slow-light enhances the density of optical states allowing
extremely bright sources and high collection efficiencies to be
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realised [7]. In principle, there is no upper limit to the light—
matter interaction enhancement. At the bandedge, the
PhCWG has stopped modes with group velocity v, = 0 and
an infinite density of optical states (the van Hove singularity
[8]). Only the practicality of fabricating a perfect waveguide
without defects prevents the use of these bandedge modes.

As shown by our recent work, the case of an emitter
placed at a C-point requires additional consideration. Time-
reversal symmetry dictates that all chiral components of the
waveguide mode must vanish in the stopped light at the
bandedge, and therefore no C-points can be supported. Modes
in the slow-light regime resemble the bandedge mode, and
thus contain less chirality. This forces a compromise between
strong light-matter interactions (for which slow light is
desirable, typically found near the bandedge) and making
those interactions chiral (for which we want powerful circu-
larly polarised fields, which become scarce near the ban-
dedge). We found that the optimum local density of optical
states (LDOS) at a C-point is found in modes with modest
group velocities of v, < ¢/10 for the standard PhCWG
design (the so-called W1 waveguide) [9]. Only a limited
number of alternative nano-photonic designs for QDs have
so-far been considered [10, 11]. In this paper we present
alternative PhnCWG designs that possess larger LDOS at the
C-points.

Our search for these designs begins with the archetypical
W1 waveguide of one row of missing holes from an hex-
agonal lattice of holes with radius » = 0.3a in a GaAs di-
electric membrane. We form new designs by displacing each

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) The refractive index profile of a W1. The arrows
indicate how D1 and D2 control the displacements of the innermost
holes. O marks the origin of the in-plane coordinate system (x,

y) = (0, 0). (b) Largest LDOS at a C-point as a function of (D1, D2),
normalised to the largest LDOS at a C-point in a W1. The dotted line
is a contour along which this ratio is unity. G on the colour bar
indicates the value for the glide waveguide described in [10].

hole in the first row of holes closest to the waveguide a dis-
tance D1 towards the waveguide core, and the second row of
holes a distance D2 (figure 1(a)). In this way the dispersion
[12] and electric field profile [13] of the PhCWG can be
modified. Modifying the hole positions is preferred to the
radii as they are more accurately realised in electron-beam
lithography [14].

The LDOS is a function of position and frequency and is
proportional to the product ne|E|?, where n, = |c/v,| is the
group index and |EJ? is the electric field intensity. We are
interested in positions of unit directionality, where the
directionality is defined as the difference between power
emitted by a spin transition (modelled as a circular point-
dipole) into the forwards and backwards waveguide modes,
normalised by the total power emitted into the waveguide. For
a single-mode waveguide the directionality is simply given by
the degree of chirality n = |S;] = 2|Im(EjEy)|/|E|2. n=1is
typically not possible if the waveguide is multi-mode (it
requires the extraordinary coincidence of C-points at the same
position in all modes at the same frequency) and so multi-
mode frequency regions are ignored.

For each choice of (D1, D2) we search for C-points with
n = 1, and calculate the relative LDOS (nglElz) at each using
a frequency domain eigensolver [16]. In each design (DI,
D2), the C-point with the highest LDOS is compared to the
C-point with the highest LDOS in the W1 design (DI,
D2) = (0, 0). Our calculations use the effective index method
[17], with ney = 2.66, suitable for wavelengths around
900 nm and a GaAs membrane of thickness 100 nm. This 2d
approximation shows good agreement with experiment over a
wide range of circumstances [18, 19], although it has draw-
backs: notably it tends to underestimate the group index near
the bandedge [20] and naturally as a 2d method it misses 3d
effects [21].

We treat values of n, > 100 as 100 in the LDOS calc-
ulation, serving the dual purpose of focusing the search on
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Figure 2. (a) 2d FDTD simulations of circular dipoles at the ideal
points in the optimised and W1 waveguides. (b) Power radiated
forwards, backwards and sideways: note the log scale.

experimentally achievable values [22] and filtering compu-
tational errors at the bandedge where |E|> — 0 and ng — 00.

Figure 1(b) presents the main results, showing the
enhancement of the LDOS at C-points where they occur in a
single-mode waveguide. The vast majority of designs show
little or no enhancement over the standard W1 (i.e. the ratio of
LDOS at the C-points is below or close to one), but there is a
small region of the search space that show significant
enhancements. Of these, the best design identified has 8.61
times the C-point LDOS of a W1 for (D1, D2) = (—0.11,
0.15)a at a C-point at frequency 0.2791c¢/a and position (x,
y) = (0.5, 1.170)a from the origin shown in figure 1(a). We
repeated the calculations in 3d for a small subset of the best
designs, and found good agreement with the 2d versions.
However, a small shift of the optimal point was seen, to (D1,
D2) = (—0.07, 0.14)a.

Finite difference time domain simulations confirming the
unidirectional emission from the best identified C-points in
the optimised and W1 waveguides are shown in figure 2(a)
[15]. Our simulations are again 2d, using the same effective
index approximation as above. Figure 2(b) shows the calcu-
lated power radiated in the forwards, backwards and sideways
directions. The ~ x 10 enhancement in LDOS is well
replicated in these calculations. Emission into the backwards
direction is suppressed by a factor of 10° in the W1 and 10* in
the optimised design. In principle, emission in the backwards
direction should be precisely zero for the correct location,
polarisation and frequency of the dipole. However, away from
this precise frequency, as the modes polarisation profile
changes, the former C-point becomes elliptical and allows
emission into the backwards direction. When the light is
slower i.e. a smaller group velocity v, = dw/dk the change of
wavevector and therefore mode profile is larger for a small
change of frequency. Therefore slower light designs, such as
the optimised waveguide, are likely to display a smaller
bandwidth for high directionality and therefore the dip is not
as well resolved in the simulation.

For these source locations in these waveguides the sup-
pression of the backwards emission is over 100:1 for band-
widths of ~2 x 107 ¢/a and ~4 x 10™* ¢/a. Even in the
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latter case (the optimised waveguide) this is considerably
larger than the linewidth of a QD (20 ueV ~ 4 x 107° ¢/a).

The best designs presented here exploit slow light far
from the bandedge by flattening the dispersion. There is an
element of brinkmanship to this, as flattening the dispersion
towards an inflection-like curve maximises the LDOS, but
overshooting creates a multimode region that ruins the per-
formance. This abrupt drop is visible in figure 1(b) on the
lower side of the bright region.

This motivates a minor digression. In principle a perfect
inflection point in the dispersion appears able to support uni-
directionality with an infinite density of states. However even
infinitesimal perturbations (for example, from disorder) can
break the inflection point into a local maximum and local
minimum pair with a small separation. This local maximum/
minimum pair results in a multi-mode region with a slow-
light mode allowing (strong) emission in both directions.
Although such abruptness may at first glance seem un-phy-
sical, it is a consequence of us considering only modes with
real k, (propagating modes), equivalent to considering an
infinitely long PhACWG. Evanescent modes in a finite Ph\CWG
always allow some light to tunnel from the dipole out of the
waveguide in the wrong direction. Near an inflection point
there exist weakly evanescent modes (with small imaginary
k,) that can tunnel a long distance [23]. These weakly eva-
nescent modes smooth out this transition in finite-length
PhCWGs.

In real-world samples, QDs are typically strain-grown in
random locations [24] (although positioning methods are
being developed [25]). Furthermore, the size and shape dis-
persion means that the resonant frequencies of the QDs are
randomly distributed around the desired one. Experiments
then typically proceed by testing a large number of samples,
until a suitable one is found.

In the above, we have calculated the performance of the
PhCWG for an ideally placed QD pitched at the ideal fre-
quency, but we are also interested in the yield: how many
samples can we expect to test before finding a good QD
positioned at or near a C-point. To answer this question we
have also calculated the probability that a QD placed at a
random location in the GaAs with a random frequency
(selected uniformly from the bandwidth of the fundamental
mode) will have n > 0.9. Our calculations neglect positions
with negligible LDOS and assume 7 < 0.9 at multimode
frequencies.

Figure 3 shows the result of this calculation. The opti-
mised waveguide identified above (white cross, figrue 3) has a
poor yield (~1%). However by consideration of figures 1(b)
and 3 together PhACWGs with a desired compromise of yield
and performance can be chosen. For example for (DI,
D2) = (0.13, 0.13) the yield is 33% (for a W1 the yield is
24%) and the maximum LDOS is 4x greater than that in a
W1. Nearby values offer a different trade-off between yield
and LDOS enhancement.

In conclusion we have identified modified PhCWG
designs that promise significant increases in chiral perfor-
mance, with a X 8.6 enhancement of the LDOS. As the LDOS
is a measure of the light—matter interaction strength, and is
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Figure 3. Calculated yield. The probability that directionality 7
exceeds 0.9 for randomly placed QDs. G has the same meaning as in
figure 3.

directly proportional to the emission rate and efficiency [16],
our optimised design will allow fabrication of waveguides
almost one order of magnitude brighter than using the stan-
dard W1 design.

In the final stages of this work we became aware of
related work suggesting a modified glide-plane waveguide
design for strong chiral interactions [26]. Our calculations
suggest this design is excellent with >100 times LDOS
enhancement at the best C-point compared to a W1 (see
figure 1) and a ~15% yield (see figure 3).
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