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Letter Editors’ Suggestion

Topological and conventional nanophotonic waveguides for directional integrated quantum optics

N. J. Martin ,1,* M. Jalali Mehrabad,2 X. Chen,1 R. Dost,1 E. Nussbaum ,3 D. Hallett,1 L. Hallacy,1 A. Foster,1 E. Clarke ,4

P. K. Patil ,4 S. Hughes,3 M. Hafezi,2 A. M. Fox,1 M. S. Skolnick,1 and L. R. Wilson1

1Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom
2Joint Quantum Institute, University of Maryland, College Park, Maryland 20742, USA

3Centre for Nanophotonics, Department of Physics, Engineering Physics and Astronomy, Queen’s University,

Kingston, Ontario, K7L 3N6, Canada
4EPSRC National Epitaxy Facility, University of Sheffield, Sheffield S1 4DE, United Kingdom

(Received 20 January 2024; revised 2 April 2024; accepted 29 April 2024; published 20 June 2024)

Directionality in integrated quantum photonics has emerged as a promising route towards achieving scalable

quantum technologies with nonlinearities at the single-photon level. Topological photonic waveguides have

been proposed as a novel approach to harnessing such directional light-matter interactions on-chip. However,

uncertainties remain regarding the strength of the directional coupling of embedded quantum emitters to

topological waveguides in comparison to conventional line defect waveguides. In this work we present an

investigation of directional coupling in a range of waveguides using a combination of experimental, theoretical,

and numerical analyses. We quantitatively characterize the position dependence of the light-matter coupling

on several topological photonic waveguides and benchmark their directional coupling performance against

conventional line defect waveguides. We conclude that topological waveguides underperform in comparison to

conventional line defect waveguides, casting their directional optics credentials into doubt. To demonstrate this

is not a question of the maturity of the field; we show that state-of-the-art inverse design methods, while capable

of improving the directional emission of these topological waveguides, still place them significantly behind the

operation of a conventional (glide-plane) photonic crystal waveguide. Our results and conclusions pave the way

towards improving the implementation of quantitatively predicted quantum nonlinear effects on-chip.

DOI: 10.1103/PhysRevResearch.6.L022065

Introduction. Integrated nanophotonic platforms in which

embedded quantum emitters are interfaced with optical

waveguides and cavities on-chip are a promising route to-

wards scalable quantum technologies. An attractive property

of nanophotonic waveguides is their support for directional

light-matter interactions, whereby an emitter with a circularly

polarized transition dipole moment couples unidirectionally at

the single-photon level to a single-photonic-waveguide mode

[1–4]. While this spin-orbit coupling is often described as

“chiral” (as the direction of the emission depends on the

handedness of the transition dipole moment), the symmetry of

the waveguide geometry and the structure of the quantum dot

is preserved. Such interactions have previously been demon-

strated on-chip using semiconductor quantum dots (QDs)

coupled to photonic crystal (PhC) line defects such as W1 [3]

and glide-plane [2,5,6] waveguides.

Recently, PhC topological waveguides have received sig-

nificant interest for integrated nanophotonics due to their at-

tractive properties, which include robust transmission around

*n.j.martin@sheffield.ac.uk

Published by the American Physical Society under the terms of the

Creative Commons Attribution 4.0 International license. Further

distribution of this work must maintain attribution to the author(s)

and the published article’s title, journal citation, and DOI.

tight bends [7–15], opening up their applications to more com-

plex guided structures such as ring resonators, beam splitters,

and filters that require sharp bends [16–19].

More pertinently for directional quantum optics, topologi-

cal waveguides were envisioned to have two key properties:

(1) robustness to in-plane backscattering, and (2) intrinsic

unidirectional emission for embedded emitters, with the uni-

directional emission expected to arise from the intrinsically

helical edge modes which arise at the interface between two

topologically distinct PhCs [7,15,20].

Despite intense research on the application of these sys-

tems, experimental measurement of the degree of robustness

to backscattering of these waveguides was only very recently

examined using external light sources [21], the results cast-

ing considerable doubt on the resistance to backscattering.

However, an experimental investigation into the envisioned

property of intrinsic unidirectional emission of topological

waveguides, key to their directional quantum optics applica-

tions, remains missing.

As in conventional, nontopological waveguides, directional

coupling of an embedded emitter to a topological photonic

waveguide is position dependent. In the most extreme case,

the direction of emission from a circularly polarized transi-

tion can be completely reversed by moving it within a unit

cell of the PhC lattice. While the properties of conventional

waveguides and topological waveguides have been com-

pared in simulations [22], here we use both simulations and

2643-1564/2024/6(2)/L022065(8) L022065-1 Published by the American Physical Society
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experiment to compare these approaches to realizing direc-

tional light-matter interactions on-chip.

Within the main text we present data on conventional

W1, glide-plane, zigzag interface, valley-Hall (VH), and

bearded-interface VH waveguides, focusing on topological

PhC interface types in which QD integration has previously

been demonstrated [9,13,18]. In addition, we include a ver-

sion of the bearded-interface VH waveguide that is optimized

using inverse design techniques. (See Supplemental Material

[23] for a discussion of slab waveguides and an optimized

glide-plane waveguide [6].) For each waveguide we present

the dispersion relation of the guided mode, the spatial electric

field intensity, and degree of circular polarization, as well as

the spatial and wavelength dependence of the β factor (see

Sec. III A) for emitters within the waveguides. We use this

simulated data to make predictions for the expected distribu-

tion of the directional contrast of embedded QDs and then

determine experimentally the directional contrast for a large

number of QDs in each type of structure, showing good agree-

ment with the simulations. While the topological waveguides,

optimized through inverse design, demonstrate promising

improvements in directional properties in simulation, our ex-

perimental results also serve to highlight the limitations of

current approaches. In particular, we stress the need to develop

waveguides which support high-β factors while simultane-

ously showing near-unity directional coupling.

Photonic-crystal-waveguide designs for directional quan-

tum optics. The PhC waveguides considered in this work are

described schematically in Figs. 1(a)–1(e). We consider two

conventional (i.e., nontopological) and three nontrivial topo-

logical designs. For each type of waveguide we show

(i) The waveguide design.

(ii) The band structure.

(iii) The electric field profile.

(iv) The directionality (S3).

(v) The β factor.

(vi) S3 and E-field probability density plots.

For each type of waveguide we focus on the parts of the

band structure shaded in blue, and the field profiles in panels

(iii)–(v) are calculated for the points shown by the red circle

in panel (ii). The first conventional design [shown in Fig. 1(a)]

is that of a W1 waveguide, comprising a triangular lattice of

circular holes etched into a thin dielectric membrane, with one

row of holes omitted in the Ŵ-K direction to form a line defect.

As shown in Fig. 1(a) (ii), several guided Bloch modes can

be observed within the PhC band gap of the W1 waveguide;

we focus on the lowest frequency mode, with the field profile

shown in Fig. 1(a) (iii), which has an electric field antinode at

the center of the waveguide.

The second conventional design studied here is the glide-

plane waveguide, which is formed by displacing the holes on

one side of a W1 waveguide by half the lattice period along the

waveguide. The transverse electric (TE)-like mode dispersion

diagram for the glide-plane structure is shown in Fig. 1(b) (i).

We focus on the single-mode region of the higher-frequency

mode, as the multimode region where the two modes overlap

spectrally prevents directional coupling being realized [5].

The field profile for this mode is shown in Fig. 1(b) (iii).

The conventional waveguides introduced above are com-

pared in this work with three topologically nontrivial

structures. We have chosen valley-Hall waveguides, as their

interfaces support guided optical modes lying below the light

line, unlike the alternative spin-Hall approach [7,17,24]. VH

waveguides can be formed by interfacing two VH photonic

crystals where the unit cell is a rhombus containing a pair of

apertures of differing sizes in two distinct ways. The first, the

zigzag interface, is an interface of these two crystals with mir-

ror symmetry. For this work a design for the zigzag interface

is comprised of triangular apertures, with the larger triangles

at the interface. This design is chosen for its favorable band

structure, with the dispersion diagram in Fig. 1(c) (ii) showing

that the waveguide supports a single guided TE mode, with the

mode profile given in Fig. 1(c) (iii). The bearded interface, in

contrast, is formed by interfacing two VH photonic crystals

such that it forms a glide-plane symmetric interface. For this

work the original bearded-interface waveguide is formed of

circular apertures, with the smaller of the apertures at the

interface. We have also included an optimized version of the

bearded interface within our investigation. Here, an inverse

design algorithm was used to optimize the geometrical param-

eters of a bearded-interface VH nanophotonic waveguide for

high β factors and strong directional light-matter interactions

(see Supplemental Material, Sec. S1, for more details on the

inverse design process [23]).

Simulation of the waveguide β-factor, E-field properties,

and directionality. This section presents simulation results that

quantify the spatial dependence of the β factor, E field, and

directional contrast. This includes a description of the model

used to predict the directional statistics, i.e., the expected sta-

tistical distribution of directional contrast for a large number

of randomly positioned QDs.

a. β factor. We define our β factor as the ratio of the

spontaneous emission rate of an emitter into an intended

guided mode compared to the total decay rate. To calculate

the β factor we used finite-difference time-domain (FDTD)

simulations to calculate the fraction of radiative power cou-

pled into propagating modes over the total power injected

from the emitter. To determine the spatial distribution of the

β factor, we vary the dipole position within a region from

approximately −2a to +2a (a being the lattice constant of

the bulk photonic crystal) from the waveguide center, ex-

cluding regions within the apertures of the waveguides (see

Supplemental Material, Secs. S3–35 for more information

on the calculation of the β factor as well as its spectral

dependence).

The relationship between the intensity of the electric field

at a given point to the β factor at that point can be seen by

comparing the electric field profiles of Figs. 1(a)–1(e) (iii),

and the β factors of Figs. 1(a)–1(e) (v), with areas of high

electric field intensity resulting in higher β factors. However,

the enhancement of the β factor arising from the slow light

regions of the waveguides can result in regions with relatively

low electric field intensities having high β factors, with this ef-

fect most notable within the W1. This wavelength dependence

of the β factor is shown within the Supplemental Material

(SM) and offers waveguides with poor E field and S3 overlap

a route to high β factor at directional points.

b. Stokes S3 parameter and directional contrast. The di-

rectional properties of each waveguide were evaluated using

guided-mode-expansion simulations [25] by calculating the

L022065-2
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FIG. 1. (a–e) (i) Schematics of the (a) W1 waveguide, (b) glide-plane waveguide, (c) zigzag interface VH topological waveguide,

(d) unoptimized bearded-interface VH topological waveguide, and (e) a bearded-interface VH topological waveguide optimized using an

inverse design technique for a more favorable band structure and improved electric field and S3 overlap. (a)–(e) (ii) Simulated band structures

of the waveguides, with the single-mode region of interest highlighted in blue, and the specific frequency of single-mode operation chosen

for the electric field plots in the rest of the figure highlighted on the band structures in red. Radiative quality factors for the guided modes

are indicated using the color bar on the right. The radiative quality factors for the guided modes are indicated by the color bar on the right.

(a–e) (iii) Simulated electric field profiles and (a–e) (iv) S3 maps for the waveguides. Within (a–e) (iv), encircled white regions indicate regions

where directional contrast is expected to be 95% and above. Band structures and electric field plots were simulated by guided-mode expansion.

(a-e) (v) Spatial dependence within the waveguides of the β factor at the same frequency as the electric field plots, simulated using FDTD.

Black regions indicate the position of the waveguide apertures. (a–e) (vi) Probability density plots showing the likelihood of a set of randomly

positioned dots possessing a given S3 value for different electric field strengths within the waveguide interface. Areas of high-probability

density indicate combinations of directional contrasts and electric field strengths that are more likely. The apertures of the waveguides are

excluded from the calculations.

L022065-3
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FIG. 2. (a) Schematic diagram showing the positional depen-

dence of the direction of emission of a circularly-polarized dipole

source within a VH waveguide; labels show the polarization of the

local field at the different positions, with the waveguide interface

highlighted in magenta. (b) Level diagrams and optical transitions

for a neutral exciton QD state showing left- and right-circularly-

polarized transitions. (c) |E |2 field profile within the VH waveguide

interface. (d) S3, degree of circular polarization at different points

within the VH waveguide interface. Encircled white regions indicate

regions where |S3| � 0.95. (e) FDTD simulations showing the po-

sitional dependence of emission from a circularly polarized dipole

at points 1–5 within the zigzag VH waveguide interface. The top of

the figure shows the position of the waveguide interface between two

topologically distinct photonic crystals (shown in orange and blue),

as well as the central position of the right-circularly-polarized dipole

source used in the simulations.

Stokes S3 parameter defined as

S3 =
−2Im(ExE∗

y )

|Ex|
2 + |Ey|

2
. (1)

The simulated Stokes S3 parameter is shown in Figs. 1(a)–

1(e) (iv) for the five waveguides. The Stokes parameter at

the position of a QD determines the directional contrast of

the emission. Figure 2 shows the relationship between the

S3 parameter and the direction of emission of a circularly

polarized emitter, such as the Zeeman split lines of a neutral

exciton within a QD [Fig. 2(b)]. The directional contrast is

defined as

C =
T R − T L

T R + T L
, (2)

where T R and T L are the transmission right and left through

a waveguide, respectively, for an emitter embedded within a

linear waveguide. Within the FDTD simulations of Fig. 2, the

directional coupling of a circularly polarized emitter (within

the example of the VH zigzag interface) is shown to be po-

sition dependent due to the different S3 values at different

points within the waveguide. While all five waveguides show

regions of high directional contrast, with contrasts above 95%

indicated by the in-circled white regions of Figs. 1(a)–1(e)

(iv), S3 does not give the complete picture of a waveguide’s

suitability to directional quantum optics, as discussed in the

next section.

c. Coincidence of high-directionality and E-field concen-

tration. The likelihood of a set of randomly positioned QDs

possessing a given S3 value for different electric field strengths

within the waveguide interface is shown by the probability

density plots of Figs. 1(a)–1(e) (iv). Areas of high probabil-

ity density indicate combinations of directional contrasts and

electric field strengths that are more likely; the air regions of

the waveguides where there are no QDs are excluded from

the calculations. Within these plots we see that the glide-

plane waveguide has the best overlap of S3 and |E |2. The W1

waveguide shows a high concentration of QDs at high S3 for

|E |2 = 0.7, which outperforms the distributions seen for the

topological waveguides, characterized by low density at the

intersection of high S3 and |E |2 found in the dark regions

at the top right of the plots. The optimized bearded interface

does, however, perform better than the un-optimized version

in this regard, with the optimized waveguide showing a greater

concentration of high-directionality QDs at |E |2 = 0.3.

d. Simulated directional statistics. The directional statistics

of the waveguides can be modelled by considering the S3

field maps for the waveguides over the selected waveguide

regions highlighted in blue in Figs. 1(a)–1(e) (ii). The elec-

tric field data was calculated using guided-mode expansion

for the middle of the slab (where the QDs are located) for

multiple points within a 10a (±5a from the waveguide center)

supercell of the waveguide. Then, to calculate the predicted

directional statistics, we applied a minimum β factor and

Purcell factor condition to remove waveguide regions that

would not contribute to measurable quantum dot emission,

with FDTD simulations providing data for the β factor [see

Figs. 1(a)–1(e) (v)] and Purcell factor. This threshold was set

so that only points within the waveguide that had a combined

value for Purcell factor multiplied by a β factor above 0.5

were included (FP × β � 0.5) and additionally, to account

for the “dead zones” for QD emission that exist around the

apertures of the waveguides. The extent of this dead zone can

depend on the wafer properties and the presence of fabrication

processes such as surface passivation [26]. For this reason

we have calculated the expected statistics for the waveguides,

excluding a region of both 15 and 30 nm [27] around the

apertures. The absence of QD emission in proximity to the

etched surfaces is likely to arise from detrimental effects of

surface defects and interface roughness. The simulations of

the directional statistics for the five types of waveguides are

shown in Figs. 4(a)–4(e). These results will be discussed in

the next section when they are compared to the experimental

data.

Method.

a. Experimental comparison of the photonic crystal waveg-

uides. The experimental results were obtained for devices

fabricated in a 175-nm-thin GaAs p-i-n membrane containing

a single layer of InAs QDs. Representative scanning electron

microscopy (SEM) images of the waveguide interfaces are

shown in Figs. 3(a)–3(e). Each waveguide was terminated

on both ends with a grating coupler for light extraction into

external optics, as shown in Fig. 3(j). The sample was cooled

L022065-4
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FIG. 3. SEM images of the fabricated waveguide for (a) W1, (b) glide plane, (c) zigzag VH, (d) original bearded VH, and (e) optimized

bearded VH. Scale bars are 0.4 μm. Examples of dot lines split by B �= 0 magnetic fields, with (f) high directional contrast, (g) medium

contrast, (h) low contrast, and (i) asymmetric contrast. (j) Schematic of the on-chip device layout, indicating the location of the left out-coupler

collection (red) and the right out-coupler collection (blue).

to 4.2 K in a superconducting magnet cryostat. To determine

the operation bandwidth of each waveguide, broadband pho-

toluminescence (PL) was generated by exciting the ensemble

of QDs located within one grating coupler using nonresonant

excitation (λlaser = 810 nm). PL emission was then detected

from the other out-coupler, with representative transmission

spectra shown in SM Fig. S2. A combination of the iden-

tification of a sharp decrease in transmission resulting from

the band edge of a guided mode and an analysis of the

Fabry-Pérot fringes of the waveguide were used to identify

the single-mode regions of interest. (More information on the

identification of the single-mode regions of the waveguides

can be found in SM Sec. S2.)

While in this study achievable β factors are estimated

through simulations, the degree of directional emission was

measured experimentally. We measured the directional con-

trast independently for a large number of individual QDs in

each waveguide. To do so, we used low-power microphoto-

luminescence (μPL) measurements, exciting nonresonantly

from above the waveguide and collecting emission indepen-

dently from the two out-couplers. The QD density was of the

order of 109 cm−2, which allowed for single emitters to be in-

dependently resolved. We focused on QDs spectrally located

in the single-mode regions of the waveguides, highlighted in

blue in Figs. 1(a)–1(e). In the presence of a Faraday-geometry

magnetic field, the circularly polarized dipole transitions of

FIG. 4. (a)–(e) Modeled predictions for the directional statistics of the waveguides for a 0-nm and 15-nm and 30-nm dead zone, with the

plots normalized to the 0-nm case to show the reduction in the expected number of dots that arise from these dead zones. (f)–(j) Directional

contrast measured experimentally for randomly positioned QDs within the different waveguides. Left out-coupler data is presented in red

and right out-coupler data in blue. All experimental data were recorded when an external magnetic field of BZ = 3 T was applied. The gray

background plot shows a smooth distribution of the directionality data, where no distinctions between the results of the left and right out-

couplers are made.
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the QD split energetically, allowing for them to be resolved

independently within the spectral resolution of our detection.

We quantify the degree of directional coupling in each

nanophotonic waveguide experimentally using randomly dis-

tributed self-assembled InAs QDs, distributed by growth in

the xy plane at z = 0 of the GaAs membrane [see Fig. 3(j)

for axes]. The guided PL of single QDs is detected from right

and left out-couplers [denoted as Left OC and Right OC in

Figs. 4(f)–4(j)] at opposite ends of each waveguide.

To allow for the possibility of dissimilar out-coupler

collection efficiency, the directional contrast was evaluated

independently for each out-coupler using the relationship

Ci =
Iσ+

i − Iσ−

i

Iσ+

i + Iσ−

i

, (3)

where Iσ j

i ( j = +,−, i = left, right) represents the intensity

of σ j-polarized light emitted by the QD and collected from

the left and right out-couplers.

Self-assembled growth leads to random positions of QDs

within the xy plane, which leads to coupling of QDs placed

at areas of the waveguide with a range of directional con-

trast. The results are shown in histogram graphs for the

experimentally measured directional contrasts for each case.

The binned histograms from the S3 parameters calculated via

FDTD simulations, as discussed in Sec. 3.4, are also shown

for comparison.

For the W1 waveguide we see that, in general, there is

predicted to be a low proportion of QDs with a directionality

> 80% but a high proportion of dots with low directional

contrast. This can be explained by both the concentration of

the electric field being at points of low circular polarization,

as seen in Figs. 1(f) and 1(k), and the annihilation of direc-

tional points at the band edge in a W1 waveguide [28]. The

experimental results broadly agree with this prediction.

The glide-plane PhC waveguide exhibits the best direc-

tional coupling for QDs in both simulation and experiment.

Nevertheless, there is a lower proportion of high-contrast QDs

in experiment than expected. This may be explained by the

glide plane’s high-directional-contrast regions being located

near the waveguides’ etched areas.

The topological VH zigzag interface achieves a high pro-

portion of QDs with high contrast but not as high as the

glide plane, and as can be seen in Fig. 1(e) (vi), these high-

contrast dots are unlikely to be at points of high-electric-field

concentration. The original bearded interface, however, while

predicted to have a better distribution than the W1 waveguide,

performs the worst out of all of the waveguides in the experi-

ment. This is likely related to the interface holes in the design

being a source of fabrication error due to their very small size,

and also to the surface proximity issues that they introduce

beyond those included in our model. The optimized bearded

VH waveguide shows a significant improvement in the exper-

imental results in comparison to its unoptimized counterpart,

but not the improvement in the proportion of QDs with 90%+

directionality implied by the simulation data. This is likely

due a combination of two factors. The first is the high group

indexes of the ideal design not being replicated in experiment,

resulting in a lower probability of high-contrast QDs being

measured. The second is the interface holes again leading to a

reduction in the contrast for reasons described above.

A feature that is present within the statistics for all of the

waveguides and that has been seen in other experiments and

QD wafers [3] is the asymmetry in the directionality of the

QDs measured from the left and right out-couplers of the

waveguide. Figures 3(f)–3(i) show examples of QD spectra

that fit closely with the predictions of the FDTD simulations

shown in Fig. 1(a). These spectra show the expected behav-

ior of the spectra of the right out-coupler (red) and the left

out-coupler (blue) are symmetric, mirrored versions of each

other, displaying the same directional contrast with opposite

intensities. However, Fig. 3(f) shows an example of asym-

metric behavior where the contrast as viewed from the left

out-coupler is greater than is seen in the right out-coupler. (A

discussion of the extent and nature of this asymmetry can be

found in the SM, Sec. S6.)

Conclusion. We conducted a comparative analysis of con-

ventional and topological waveguides for directional coupling

of embedded quantum emitters. Through a combination of

experimental characterization of directional coupling and a

simulation-based analysis of electric field properties and β

factors, we have gained a comprehensive view of the waveg-

uides’ individual suitability for directional quantum optics

applications. Among the waveguides examined, the glide

plane demonstrated the highest proportion of high-directional-

contrast QDs, making it well suited for achieving such QDs

within a linear waveguide system with randomly positioned

QDs. In contrast, while the zigzag interface VH waveguide

exhibited good experimental performance by producing a

large portion of high-directional-contrast QDs, our modeling

showed that regions with high directional contrast within the

zigzag waveguide are unlikely to have high β factors.

When considering more complex structures, like ring res-

onators that require robust transmission around tight bends,

topological waveguides emerge as a promising platform for

directional quantum optics. Despite the discussed β-factor

limitations of the zigzag interface, it is still possible to

achieve a high β factor within topological waveguides by

using slow light. By combining the high β factors resulting

from the slow-light region of the inverse-designed, bearded

VH waveguide with appropriate QD registration [3,27,29,30]

or site-controlled growth [31,32] techniques, it may be pos-

sible to achieve deterministic positioning of QDs at points

within the waveguide that exhibit both high directional-

ity and high β factors. This approach presents a pathway

towards achieving high-beta-factor, high-directional-contrast

QD emission within more complex photonic crystal device

geometries.

Exciting future prospects of this research include the real-

ization of separation-independent QD-QD interactions [1,33],

super- and subradiant many-body states [34–36], and the for-

mation of large-scale directional spin networks [37] using

a conventional or topologically protected photonic platform.

Spin [38] and vorticity [39] selective light-matter coupling in

the quantum Hall regime is also an intriguing new platform in
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which the topological interplay between light and matter can

be explored.

Data supporting this study are openly available from the

authors upon reasonable request.
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