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ABSTRACT

Chiral light–matter interaction between photonic nanostructures with quantum emitters shows great potential to implement spin–photon
interfaces for quantum information processing. Position-dependent spin momentum locking of the quantum emitter is important for these
chiral coupled nanostructures. Here, we report the position-dependent chiral coupling between quantum dots (QDs) and cross waveguides
both numerically and experimentally. Four quantum dots distributed at different positions in the cross section are selected to characterize
the chiral properties of the device. Directional emission is achieved in a single waveguide and in both two waveguides simultaneously. In
addition, the QD position can be determined with the chiral contrasts from four outputs. Therefore, the cross waveguide can function as a
one-way unidirectional waveguide and a circularly polarized beam splitter by placing the QD at a rational position, which has potential appli-
cations in spin-to-path encoding for complex quantum optical networks at the single-photon level.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0042480

Quantum networks based on on-chip photonic integrated cir-
cuits have drawn intensive attention for applications in quantum
information processing and quantum communication.1–4 In such
physical platforms, constructing quantum nodes and connecting them
with quantum channels have become a fundamental requisite for
information storage, processing, and exchange.5–9 So far, various
nanophotonic waveguidance schemes have been proposed as channels,
such as optical fibers,10,11 photonic crystals,12–15 and nanobeam wave-
guides,16–22 which incorporate quantum interfaces transferring infor-
mation from matter to photonic qubits. In particular, the emergence
of chiral interface provides a promising paradigm to deterministically
map the quantum state of matter onto the quantum state of the light,
thus making the light–matter interaction direction-dependent.23

Nanocrystals with intrinsic24–26 or induced27 chirality have been
investigated intensively for polarized photon emission. Among them,
self-assembled semiconductor quantum dots (QDs) are excellent can-
didates for single photon sources with high purity and

indistinguishability,28–32 which have much potential to scale up on
chip. The carrier spins in exciton states contained in these two-level
systems have been recognized as matter qubits.33–36 Their spin states
determine angular momentum on the photon emission, resulting
from momentum conservation.37,38 In order to enhance and control
light–matter interactions at the single-photon level, effort has been
made to integrate QDs into photonic nanostructures.39–49

Nanophotonic waveguides are one of the key nanostructures that can
deterministically route photons. Transverse confinement of light in
the waveguide results in a longitudinal field component, exhibiting
local circular polarization, thereby allowing the transverse spin angular
momentum and the propagation direction being locked.50,51 This
scheme is a promising approach for realizing chiral light–matter inter-
faces and constructing quantum spin networks. Unidirectional spin
transfer and path-dependent initialization associated with chirality
within the waveguide have been intensively studied.23 Most of them
mainly focus on the straight transmission of light along the waveguide
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region to achieve a one-way flow of information. Therefore, the choice
of the targeted path for directional photon routing and the optical
links between the devices is limited. Recently, spin-dependent splitting
of light has been demonstrated in a cross waveguide.16,17 However,
position-dependent chiral coupling of single QDs has not been investi-
gated, which is highly desired for spin-to-path encoding in developing
complex quantum networks.

Here, we demonstrate position-dependent chiral light–matter
interactions using QDs coupled to a cross waveguide. The propagation
direction of circularly polarized light is highly sensitive to the QD posi-
tion with numerical simulation. Experimentally, a magnetic field in a
Faraday configuration has been applied on QDs, resulting in two non-
degenerate states emitting with opposite circular polarizations.
Different unidirectional and polarization-deterministic emission into
two waveguides is achieved from the QDs embedded in the cross sec-
tion of the two orthogonal waveguides. The cross waveguide with
quantum emitters could be used not only for deterministic delivery of
highly directional single photons and circularly polarized beam split-
ters but also for deterministic spin-path coding with controlling the
quantum dot position.

Figure 1(a) illustrates the configuration of the cross waveguide, in
which two suspended waveguides are orthogonally positioned and ter-
minated with four circular outcoupling gratings (OCs). The QDs are
placed in the cross region [see Fig. 1(b)]. A magnetic field in a Faraday
configuration is applied on QDs, resulting in a Zeeman splitting of
the exciton state with two opposite circular polarizations, as shown in
Fig. 1(c). A wafer composed of a 150nm GaAs membrane with a sin-
gle layer of InGaAs QDs embedded in the middle has been used to
fabricate the devices. The QD density is around 5� 109 cm�2. The
cross waveguide patterns were transferred to the GaAs layer via elec-
tron beam lithography and inductively coupled plasma etching.
Thereafter, selective wet etching using hydrofluoric acid was per-
formed to leave the suspended GaAs layer with a cross waveguide
structure without damaging the optical properties of QDs. The scan-
ning electron microscope (SEM) image of a typical cross waveguide
structure with a width of�280 nm is shown in the inset of Fig. 1(a).

The fraction of light coupled into the guided modes is denoted by
directional beta factor (b), b6 ¼ c6=ðcþ þ c� þ CÞ, where c6 and C
are the spontaneous emission rate of photons into one guided mode
and all other modes, respectively. In the existence of the transverse

spin component with strongly confined optical fields, the resultant
spin momentum locking leads to the asymmetric coupling into the
two guided modes, and bþ 6¼ b�. In the extreme case, also called
ultra-directional coupling, bþ approaches 0 and b� has a maximum
value and vice versa. Additionally, chiral contrast, C ¼ ðc� � cþÞ=
ðc� þ cþÞ, is also introduced to quantify the directionality of the emis-
sion. By replacing c6 with Ir6 , where Ir6 refers to the photolumines-
cence (PL) intensity for rþ and r� polarized emission, the chiral
contrast can be measured experimentally.

To investigate the position dependence of the chiral interaction,
we calculate b and C for a right (r�) circularly polarized dipole as a
function of its position at the waveguide cross section in the x–y plane
using the finite-difference time-domain method. The calculated chiral
contrast for all four OCs is shown in Figs. 2(a)–2(d), all of which can
be explicitly mapped with varying chiral contrast distributions.
The positive or negative contrast values depend on the position of the
dipole and also reflect the polarization of the light output from the
four OCs. In reality, the dipole could be positioned at any arbitrary
point of the cross section; consequently, both highly directional emis-
sion of circularly polarized light in the appropriate direction and
almost no directional emission can be achieved experimentally. Since
the positions of the dipole with high chiral contrast are concentrated
in the four diagonal regions, we, therefore, extract the values along the
�45� diagonal direction [black dashed arrows in Figs. 2(a)–2(d)].
Figures 2(e)–2(h) depict the results of the extracted chiral contrast. For
the dipole is positioned close to the center xð�yÞ � 0 nm, the chiral
contrast is around 0, i.e., the emitted circularly polarized light is
equally transmitted into the four OCs. However, when the dipole is
positioned away from the center, such as xð�yÞ � 105 nm, all four
OCs obtain a relatively high chiral contrast, implying that the right
(left) circularly polarized light is dominantly transmitted into the top/
right (bottom/left) OCs. In addition, the coupling efficiency for circu-
larly polarized sources into each OC is also calculated, as shown in
Figs. 2(e)–2(h). One can clearly see the asymmetric emission into the
four OCs, thereby inducing directional coupling. Furthermore, we also
calculate the chiral contrast for different emission wavelengths along
the diagonal direction [see Figs. 2(i) and 2(j)]. The source wavelength
is set between 880 nm and 920 nm. It can be seen that the contrast is
insensitive to the wavelength range of the QD emission by considering
the size distribution of QDs.

To characterize the device spectrally, the devices were cooled
down to 4.2K in a helium bath cryostat equipped with a supercon-
ducting magnet and the spatially selective photoluminescence (PL)
measurements were performed using a confocal microscope system
with a 0.8 numerical aperture objective lens. A linear polarized
continuous-wave laser with a wavelength of 532 nm was used to non-
resonantly excite the QDs in the cross section, resulting in an uncorre-
lated polarization between absorption and emission. The collected
light from the four OCs was then focused on an optical fiber to achieve
spatial filtering. The device configuration was imaged using a CCD
camera with a background light from a light-emitting diode. The PL
spectra were recorded using a single 0.55 m spectrometer. In our case,
the light spot size is around 1lm and the spectral resolution is about
60 leV. There are about 20 QDs with chiral contrast being observed
from fabricated devices. Four QDs (QD1, QD2, QD3, and QD4)
selected from the random positions are presented to characterize the
performance of the device with a magnetic field of 4T. All four QDs

FIG. 1. (a) Schematic illustration of the cross waveguide and the chiral effect. Inset:
SEM image of a fabricated cross waveguide. (b) The xz-cross section of the cross
waveguide with QDs embedding in the cross section. (c) QD level structure under a
magnetic field in the Faraday configuration, with two circularly polarized exciton
transitions rþ and r�.
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are embedded in the cross section since they can couple to all four
OCs.

Figure 3(b) shows the PL spectra of the QD1 collected directly
from the QD1 and from the four OCs, respectively. Both two Zeeman-
split states corresponding to two opposite circular polarizations are
seen vertically from the QD and from the top and bottom OCs.
However, when we collect the QD spectra from the left and right OCs,
significantly asymmetric intensities for the rþ and r� polarized transi-
tions are observed, with rþ predominantly observed from the left OC
and r� predominantly observed from the right OC. This asymmetry
is a signature of chiral coupling. We fit the PL emission lines with a
Lorentzian function, and the intensities can be extracted with errors
calculated by error propagation for multi-variables. The chiral contrast
is �0:716 0:02 for the left OC and 0:506 0:03 for the right OC. For
QD1, spin-dependent directional emission only appears in the hori-
zontal waveguide, while there is no directional emission for the vertical
waveguide, as shown schematically in Fig. 3(a). In contrast to the
transmission results of the QD1, chiral coupling only observed from
the vertical waveguide, as shown in Figs. 3(c) and 3(d), with the chiral
contrast measured at top OC is �0:456 0:04 and at bottom OC is

0:636 0:03. The divergence of the chiral coupling phenomenon
between the two QDs can be attributed to their different positions in
the cross section. Referring to the simulations in Fig. 2 and the helicity
of the circularly polarized light of the OCs, we can infer that the QD1
is located at x; yð Þ � 112; 0ð Þ nm (labeled “1”) and the QD2 is
located at x; yð Þ � 0; 112ð Þ nm (labeled “2”). Due to the unidirection-
ality of light from spin-transitions of QDs in one of the waveguides,
this device can function as a high efficient one-way waveguide, similar
to a single waveguide.18–22

Moreover, chiral coupling can be observed in all four OCs. For
QD3, the rþ (r�) polarized emission is predominantly collected from
top/right (bottom/left) OCs [see Figs. 4(a) and 4(b)], with the mea-
sured chiral contrast of �0:336 0:06/�0:476 0:06 (0:246 0:05/
0:836 0:03). The direction of the out-coupled circularly light can
reverse, as shown in Figs. 4(c) and 4(d) for the PL spectra of the QD4.
The rþ (r�) polarized emission is predominantly collected from bot-
tom/left (top/right) OCs, with the measured chiral contrast of
�0:206 0:04/�0:416 0:06 (0:106 0:04/0:526 0:05). The position
of QD3 and QD4 can be inferred at x; yð Þ � �112; 40ð Þ nm (labeled
“3” in Fig. 2) and 112;�35ð Þ nm (as labeled “4” in Fig. 2), respectively.

FIG. 2. (a)–(d) Calculated chiral contrast of four OCs for a right circularly polarized dipole as a function of position in the cross section. The calculation focuses on the funda-
mental mode of an infinite cross waveguide, with a width of 280 nm, a height of 150 nm, and a wavelength of 920 nm. The four labels indicate the positions of QDs correspond-
ing to the experimental results. (e)–(h) Calculated chiral contrast and direction b factor as the position of the dipole shifted along the �45� diagonal direction as shown by the
black dashed arrows in (a)–(d). (i) and (j) Calculated chiral contrast for different emission wavelengths along the �45� diagonal direction. CRðCL=CT=CBÞ refers to the chiral
contrast on right (left/top/bottom) OC.
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Here, the position dependence of chiral interaction is confirmed for
the two orthogonal waveguides and the function of the device can be
extended to a circularly polarized beam splitting. Moreover, the differ-
ent chiral contrasts from four OCs depending on the position can be

used to encode the polarization to different paths with the determinis-
tic QD position in the future. With the QD position registered pre-
cisely,52,53 devices with specified spin outputs can be fabricated in a
deterministic way. With QDs embedded in a Schottky diode structure
or mounted on a piezoelectric thin film actuator, polarization-
entangled photon pairs could be integrated in the cross wavegudies
with reduced fine structure splitting.54,55 Room temperature chiral
coupling devices are also feasible based on the QDs with a high exciton
binding energy.25

In conclusion, we have demonstrated position-dependent chiral
coupling between four QDs and cross waveguides by spatially selective
PL measurements. The in-plane transfer can be observed in only one
waveguide, with a chiral contrast of up to 0.71, and can also be
observed in two orthogonal waveguides, with a chiral contrast of up to
0.83. In addition, the change in the in-plane transfer direction of the
spin states has been observed. Considering the simulation results, the
positions of the four QDs can be determined with measured chiral
contrast without considering the reflection from output couplers.
Higher chiral contrast could be possible by optimizing the device
structure and fabrication process and by precise registration of the QD
positions in the cross section. Spin-to-path encoding could be demon-
strated with a well-defined QD position in the future at the single-
photon level. The position-dependent chiral effect can be employed as
the basic blocks in integrated quantum optical circuits for quantum
networks.
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