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Radiative coupling between quantum emitters leads to a range of spectacular emission phenomena.
Dicke studied the foundations of collectively enhanced and suppressed decay, commonly referred to as
super- and subradiance. Collective effects can further result in directionality of the emission, thus offering
a complimentary implementation of chiral quantum optics. Waveguide quantum electrodynamics (QED)
allows coupling between spatially separated emitters, enabling selective driving. In this work, we control
the emission direction for a pair of quantum dots embedded in a bidirectional photonic crystal waveguide
offering independent electrical tuning. Notably the emitters are 13 pm apart, which corresponds to more
than 25 effective wavelengths, but are nevertheless radiatively coupled. The directionality arises from a
dispersive dipole-dipole interaction, which shifts the energy of the collective states, so that the emitter pair
effectively forms an artificial molecule. We show that the emission direction can be switched from left- to
rightwards by manipulating the relative driving phase while collectively exciting the emitters. In addition,
we observe directional photon statistics under continuous driving, with, for example, single photons
detected on one output port, and photon pairs on the other. With pulsed excitation, both emitters are fully
inverted and correlated photon pairs are observed in time-resolved intensity correlation measurements.
This work demonstrates a novel implementation of chiral quantum optics using quantum dots coupled via
a non-chiral waveguide and reports key steps for scaling up as a multi-emitter waveguide QED platform.
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I. INTRODUCTION

Quantum networks [1,2] form the backbone for distrib-
uted quantum computing [3], entangled atomic clocks [4],
and quantum key distribution [5]. Their capabilities rely
on the transfer of quantum information between distant
nodes. The connection between nodes is typically achieved
via room temperature fibers, which necessitates encoding
quantum information into optical photons to suppress
thermal noise. The demand for efficient routing of these
photons requires control over their emission from quantum
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light sources. This emission control can be achieved by
tailoring the environment [6] with photonic nanostruc-
tures. Waveguide quantum electrodynamics (QED) pro-
vides a natural framework for the generation and
manipulation of propagating photons. [7,8].

In typical waveguide structures, photons are emitted to
each output port with equal probability, but this symmetry
can be broken by carefully engineered structures.
Propagation-direction-dependent light-matter interaction
is the basis of chiral quantum optics [9-11]. Examples
include the polarization-dependent scattering with a gold
nanoparticle on a nanofiber [12], and directional emission
from cesium atoms laser-trapped near a waveguide [13],
a chiral giant atom [14]. With a single quantum dot,
directionality has been achieved by embedding the emitter
in either a reflection-symmetry broken photonic crystal
waveguide [15] or in a cavity leveraging interference of
modes [16]. Alternatively, multiple waveguide-coupled
emitters that effectively form an artificial molecule have
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been proposed for directional emission [17,18], and this
has been realized in the microwave regime [19-21]. The
required level of control over multiple coupled emitters has
so far, however, not been realized in the optical domain.

Emission interference via coupling to a common radi-
ative mode can lead to super- and subradiance [22,23]. The
coupling of distant emitters is enabled by the spatially
extended mode realized in waveguide QED [8]. Quantum
dots in waveguides [24] are of particular interest because
of their strong coupling to the guided mode [25]. Over
recent years, several works have reported multiple reso-
nant quantum dots in a single waveguide [26-29].
Furthermore, super- and subradiance have been observed
in the time-resolved emission from waveguide-coupled
quantum dots [30]. Even when the waveguide is bidirec-
tional, the collective emission from multiple emitters can
be strongly directional due to interference effects. For
optical emitters, directionality in scattering has been
observed with a pair of silicon vacancies in a microdisk
resonator [31], but lacked the capacity for selective driving
to control the direction of emission.

In this work, we demonstrate and control directionality
of emission from a pair of waveguide-coupled quantum
dots. First, the emitters are brought into resonance by
independently tuning their dc Stark shifts using local
electric fields. Next, the time-resolved emission dynamics
show waveguide-mediated coupling between the emitters,
and that this coupling has a dispersive component. Then,
by manipulating the relative phase between the driving
fields, we control the direction of single-photon emission
in the pulsed collective-excitation regime. Additionally,
the photon statistics is studied under continuous driving,
which show predominantly single photons at the left end of
the waveguide and photon pairs at the right end. Finally,
we simultaneously perform Rabi z-flips to fully excite
both emitters and observe correlations and directionality in
the emission of photon pairs. Together, these results show
that waveguide-coupled quantum emitters constitute a
versatile platform for routing optical photons and generat-
ing correlated states of light.

II. PLATFORM FOR MULTI-EMITTER
DIRECTIONAL EMISSION

The device, visualized in Fig. 1(a), contains a bidirec-
tional photonic crystal waveguide patterned in a suspended
membrane. The membrane is formed out of a hetero-
structure based on GaAs and acts as a p-i-n diode. Light
can be coupled into and out of the device via grating
coupling ports at each end of the waveguide. Embedded in
the waveguide are InGaAs quantum dots (QDs), which can
act as single-photon emitters. Their emission frequency is
electrically tunable through the dc Stark effect using the
p-i-n diode. A shallow trench etched through the p-doped
layer enables independent tuning of emitters in the left and
right halves of the waveguide using locally controlled

electric fields [32]. More details on the device and
heterostructure are provided in Appendix A.

We operate a pair of QDs, one in each half of the
waveguide, whose neutral exciton transitions can be tuned
into resonance. While a neutral exciton naturally forms a
three-level system, for each QD only one of the transi-
tions is well coupled to the waveguide. Each QD is thus
treated as a two-level system with a ground state, |g),
and an excited state, |e). The QDs can be individually
addressed optically from free space, facilitated by their
13 pm separation. This corresponds to a distance of
more than 25 wavelengths, see Fig. 1(g), as compared
to the wavelength at the band edge of the PCW where
A=2a =500 nm, with a the photonic crystal lattice
constant. The coupling of the emitters to the waveguide
mode is characterized by f,, = yn’ /T, Where y,. is the
decay rate into the waveguide and I, is the total decay rate
for emitter m. The total decay rates, measured individually
while detuning the other emitter far off resonance, are
I'y/2z = 0.388(1) GHz and I', /27 = 0.349(1) GHz (see
Appendix B). Collective excitation of the QDs is per-
formed with a spatial light modulator (SLM). Using the
SLM, a single laser beam is diffracted into separate beams
with control over the relative beam spot positions, driving
strength and phase (see Appendix C).

Despite the large distance between the emitters, their
coupling to a common guided mode results in an effective
interaction between them. This interaction can have

71775? cos ¢, and dispersive, J,, =

dissipative, ', =
1/ %75 sing, coupling components, dependent on the
emitter-emitter coupling phase, ¢ = kx, where x is the
distance between the emitters and k is the effective wave
number for the guided mode. The dispersive coupling,
which effectively constitutes a waveguide-mediated ex-

change coupling, results in a splitting of the energy levels

for the collective eigenstates |+) = (|eg) =+ |ge))/V/2.
Their decay rates are modulated by the dissipative com-
ponent, which results in enhanced and suppressed emis-
sion; hence, we refer to them as the superradiant and
subradiant state. For our device we measure a coupling
phase ¢ = 0.87. Because this phase is close to =, the
superradiant state is in this case |—) and the subradiant
state is |+).

The coupling of the emitters to the guided mode is
experimentally studied by sending a weak continuous-
wave laser field into the waveguide via the left port and
collecting the light from the right port, while electrically
varying the emission frequencies of the QDs. Figure 1(b)
shows the measured fraction of transmitted intensity as a
function of the detuning, A;, of each of the emitters, i.e.,
the difference in the QD emission frequency with respect
to the laser field frequency, which here is 320.861 THz.
We observe a reduction in the transmission when tuning
in resonance with either of the QDs leading to a
“cross pattern”. Each line corresponds to the individual
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FIG. 1. Coupled distant emitters with independent tuning and directional emission. (a) Rendered image of the photonic crystal
waveguide (PCW). QD; and QD, can independently be tuned electrically based on the isolation trench and the separate electrodes.
Optical driving fields are labeled Q; and Q,. For clarity, the right port is visualized closer than in the actual device. (b) Waveguide
transmission as a function of the detuning of both emitters. The detunings are controlled through the bias voltages that dc Stark shift the
emitters. The faint additional horizontal line corresponds to the other dipole of QD,. (¢) Waveguide transmission as a function of
detuning. The blue and red datapoints are detuning-dependent single emitter data (either QD; or QD,) where the other QD is detuned
far away from the laser frequency. The purple datapoints are taken with QD, on resonance with the laser, and detuning QD). Lines are
fits to the data. (d) Close-up of (a) on the PCW region that hosts two QD emitters shown as half spheres. The QDs are coupled via the
waveguide mode, and directional emission is a result of constructive/destructive interference. The distance between the QDs compared
to the photonic crystal lattice is in reality ten times larger than what is depicted. (e) Energy-level diagram for two waveguide-coupled
QDs with decay from the single-excitation subspace. Photons are emitted either to the left or to the right by decay of the states

[T+ ¢) = Lz (leg) — e*|ge)). () Directionality in emission characterized by the relative intensities, I; g/ (I}, + Ix), as a function of
the relative driving phase. The emitters are collectively driven with equal Rabi frequencies, |Q;| = |€,|, using pulsed resonant
excitation. Filled (open) circles correspond to the total emission integrated over 0.4 ns (3 ns) after the excitation pulse. The 0.4 ns
integration window is close to the average QD lifetime, whereas the 3 ns window essentially covers the full decay. Solid lines show
numerical simulation results. (g) Scanning electron microscopy image showing an enlarged view of the waveguide in the photonic
crystal with the trench faintly visible in the middle. Representative QD positions, obtained from imaging of the device (see

Appendix A), are indicated by colored disks. The field is colored according to the QD positions and emission directions.

resonances of QD; and QD,, which act as mirrors  QD,, where /;, is the intensity of the laser light coupled
selectively reflecting a single photon at a time. At the  into the waveguide. This shows that both emitters are well
intersection, where both emitters are in resonance with the  coupled to the guided mode, i.e., that their S-factors are
laser, the transmission is lower than for the single emitters, high (close to unity) [25]. Then, the second emitter is fixed
L.e., multiple quantum emitters can reflect more efficiently  op resonance with the laser, and the first emitter is tuned
than a single emitter [33]. The absence of crosstalk in  jnig resonance as well. This results in a transmission dip

Fig. 1(b) confirms the independent electrical tuning of with depth I(]]izp /I, = 0.239(3), which is deeper than for

the QDs.
Fi(éure 1(c) shows linecuts of Fig. 1(b) with the fraction the individual emitters. It is shallower than the product of

of transmitted intensity as a function of detuning for one of the two emitter dips, / ?lplglp/ I izn = 0.210(3), which indi-
the emitters. Initially, either emitter is tuned into resonance  cates that the emitters are coupled. The transmission dip
with the laser field while the other emitter is far detuned,  with both emitters on resonance is found at a small
essentially characterizing the emitters individually. Dipsin  detuning, A,/27z = 0.22 GHz, and is asymmetric in the
the transmitted intensity are found with a relative depth of  detunings of the individual emitters. These constitute a
I /I,, = 0.492(4) for QD; and IS*/I,, = 0.426(4) for  signature of a dispersive coupling component consistent
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with a phase ¢ = 0.8z (corresponding to a separation in
effective wavelengths of %/1) between the emitters. This
results in a shift in the energy of their collective states;
hence, they form a molecule.

The dispersive coupling is inherently linked to inter-
ference that results in directionality of the emission, as
visualized in Fig. 1(d). The emission direction depends on
two phases in the system, the coupling phase, ¢, deter-
mined by the positions of the emitters, and the relative
phase, 0,, between the driving fields of the two emitters.
The fields emitted to the left, £, and to the right, Ep, into
the waveguide (assuming 7, = y5? = y"9) are

. ng _ i —
EL =1 7( 1 + e 62), (1)
P )
Ex = i\| (o7 +e703), @)

where o7, is the Pauli lowering operator for emitter m. For
the state (|eg) + e%|ge))/+/2, the emitted fields are

E; «x Ve + el =1 + /0atd), 3)

Eg o €00 4 eifap=it — | 4 ¢i(0i=0), 4)

If 8, = n — ¢, interference cancels the left-going field,
E; = 0. Conversely, for 8, = n + ¢, the right-going field
vanishes, Ep = 0. Both of these are depicted by the
energy-level diagram in Fig. 1(e). Given that ¢ # Nux,
the emission in either one of the directions can thus be
suppressed by controlling the driving phase, hence switch-
ing the emission direction.

To realize on-demand directional emission, both emit-
ters are driven from free space with pulsed resonant
excitation. We make use of an SLM to create two beams
with mutual coherence and relative phase control. The
driving fields are set to be relatively weak, the pulse area
for each QD is 0.07z, such that emission is predominantly
from the single-excitation subspace. Figure 1(f) shows the
relative intensities, I g/ (I, + I), measured on the left
and the right port compared to the total intensity (see
Appendix D for details on the setup and Appendix E for
the time-resolved emission data). By changing the relative
phase between the two excitation beams, the emission is
switched from being bidirectional to being predominantly
to the right or to the left (see Appendix F for an analysis
of the limitations for the observed directionality). This
explicitly demonstrates control over the emission direction
by using the driving phase as a control knob.

III. DISPERSIVE COUPLING IN EMISSION
DYNAMICS

Time-resolved emission measurements provide a
powerful method to characterize coupled quantum emit-
ters. For multiple emitters, it enables the discrimination
between radiatively coupled and independent emitters
[34]. In particular, the presence of super- and subradiance
is directly revealed by increased and decreased decay rates.
In this section, we study the coupling character between
the QDs using pulsed resonant excitation of QD; without
driving QD,. The excitation power is calibrated to a z-flip
based on a Rabi oscillation measurement, thus initializing
the system in the state |eg). The time-resolved emission
intensities at the left and right ports of the waveguide are
measured with single-photon detectors, as schematically
depicted in Fig. 2(a).

Figures 2(b) and 2(c) show the emission intensity
collected at the left and right port as a function of the
detuning of the undriven emitter. For both ports, a
modulation is observed as the undriven emitter is tuned
into resonance, which demonstrates that the emitters are
radiatively coupled. In addition, there is an asymmetry
between left and right ports, and between positive and
negative detuning. This contrasts with previous work [30]
where the coupling was of predominantly dissipative
character (¢p = Nx), which leads to symmetric behavior.

To assess the coupling character, it is helpful to express
the emission in terms of populations in excited states.
For this purpose, we introduce the states |+ ¢) =
(leg) + e*?|ge))/\/2. Note that the state | 4+ ¢) (| — ¢))
is orthogonal to |z + @) (|z — ¢)) and decay from the latter
results in emission only to the left (right), thus the states
| £ ¢) can be used to describe all emission into those two
directions. Explicitly, the left and right emission intensities
(assuming 7, = y5Y = y™¥ and including only the single-
excitation subspace) are I; = <ETLEL> =7"p_y and

Ip = (ERER) = 1"Plsg)> With pioy) = (£hlp| £ ¢) the
population in the state | + ¢). The states | + ¢) and | — ¢)
are orthogonal if and only if | — ¢) = |7 + ¢), ie., ¢ =
(N + %)zz with N € Z. Only in this case is their emission
fully directional. Nevertheless, the experimentally
observed asymmetry between emission at the left and
right ports directly shows that pj,4 # p|_g), and thus
¢ # Nz. The coupling thus has a dispersive component,
J1, « sin ¢, thereby placing the system in a novel regime
of collective emission.

Numerical simulations for the time-resolved emission at
the left and right port are shown in Figs. 2(d) and 2(e).
These results, which include spectral diffusion and detec-
tion jitter, show good agreement with the experimental
data. The simulations were performed for ¢ = 0.8z, thus
confirming that the emitters are in a coupling regime with a
sizable dispersive component.
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FIG. 2. Emission dynamics with dispersive coupling. (a) Sche-
matic for pulsed excitation of the left emitter and collection on
the left and right port. (b), (c) Measured time-resolved emission
intensity as a function of the detuning of QD, for the (b) left and
the (c) right port after pulsed resonant excitation of QD;. The
counts measured on the left and right port are normalized by the
maximum in the full 2D map for the respective side. (d),
(e) Numerical simulations corresponding to the experimental
results shown in (b) and (c). (f) The relative time-resolved
intensity measured on the left (cyan) and right (purple) ports with
QD, resonant (filled circles) or far detuned (open squares). Solid
(dashed) lines show numerical simulations with the right emitter
resonant (far detuned). (g) Directionality in time-integrated
emission (2 ns window) as a function of the detuning of QD,.
Simulations are shown by solid lines. (h) Numerical simulation
results visualized in a state population diagram and (i) Bloch
sphere for the single-excitation subspace, both showing the
evolution after excitation into |eg). Closer to the origin of the
Bloch sphere corresponds to more population outside this sub-
space, e.g., in the system’s ground state. The simulations are
based on the experimentally extracted parameters.

The dynamics of the emission direction with both
emitters resonant and with the undriven emitter far detuned
are shown in Fig. 2(f). For both cases, shortly after the
excitation pulse there is no directionality, I; = Iy, because
the system is initialized in |eg). With the second emitter far
detuned, the emission to the left and the right remains
equal, because the emission from the single QD is
symmetric. With the second emitter on resonance, the
relative emission to the right first increases but eventually
becomes symmetric again. The dynamics is visualized in
the population diagram in Fig. 2(h) and shown as state
trajectory in the single-excitation subspace Bloch sphere in
Fig. 2(i). This dynamics is a consequence of the dispersive
coupling, resulting in the initial state evolving toward
|7 + ¢), thus p|_g > p|4 and I; > Ig. Simultaneously,
as the population in the superradiant state decays rapidly,
due to the dissipative coupling, the system evolves toward
the subradiant state, from which emission is symmetric
between both directions again.

Figure 2(g) shows the time-integrated relative emission
as a function of detuning for the second emitter. The
dominant emission direction switches from right to left as
the detuning is changed from negative to positive. This
shows that the detuning can be used to switch the emission
direction. In future work, leveraging the control over both
the detuning and driving phase may enable further control
over the emission direction.

In previous work on radiatively coupled QDs in a PCW
[30], the coupling was found to be of predominantly
dissipative character, i.e., ¢ = Nz with N € Z. Here, we
observe a coupling regime which has both substantial
dissipative and dispersive components. We hypothesize
that this is enabled by selecting emitters that are at a
moderate spectral distance (3.5 THz) from the band edge
of the PCW (at 317.4 THz) combined with a larger spatial
separation between the emitters. At the band edge we have
ka = =, such that near the band edge ka = 7 — ¢, with € a
small number, k£ the wave number and a the lattice
constant. QDs with a high p-factor have a well defined
position within the photonic crystal unit cell [35], thus the
distance, x, between a pair of emitters separated by M unit
cells can be approximated as x = Ma. Taken together,
the phase lag that accumulates between the emitters is
¢ = kx = M(z — ¢). The combination of working further
from the band edge, leading to a larger value of ¢, and the
large spatial separation M = 50 unit cells, leads to a larger
coupling phase, which for this emitter pair is found to be
¢ = (0.8 4+ N)z. Further insight into the coupling between
emitters via a photonic crystal waveguide may be obtained
from numerical simulations [36].

IV. DIRECTIONALITY IN PHOTON STATISTICS

Next, the photon statistics of the collectively coupled
emitters is studied through second-order correlation

043032-5



CLARA HENKE et al.

PRX QUANTUM 7, 043032 (2026)

measurements to record g, It signifies, for example, the
emission of single photons through the observation of
antibunching (¢/®(0) < 1) [37]. For a pair of emitters,
continuously driven below saturation, correlations in the
form of an antidip, i.e., a dip superimposed with a peak,
can in principle arise both from radiatively coupled [38]
and from uncoupled emitters [34,39]. Recent work dem-
onstrated that an antidip in ¢(®(z) is a distinctive signature
of coupling between the emitters in the case that only one
emitter is driven [40]. However, the role of directionality in
the intensity correlations has not been addressed thus far.

The normalized second-order intensity correlations in
terms of the field operators are

(Ea(D)Ej(t + 2)Ep(t + 7)Eq(1)
(Ea(0)Eq(1)(Ej(t + ) Ep(t + 1))

gt t+1) =

&)

with a, f€ {L, R} indicating whether the photon is emit-
ted to the left or right. Under continuous driving, the
system reaches a steady state for which the correlations are
g&? () = limt_,ooggj)(t, t+ 7). The intensity correlations
are measured at the left and right port using Hanbury
Brown-Twiss (HBT) setups as schematically depicted in
Figs. 3(a) and 3(b).

We drive the left emitter resonantly with a weak
continuous laser field, while the right emitter is not driven.
Figures 3(c) and 3(d) show the intensity correlations
measured at the left and the right port as a function of
the detuning of the non-driven emitter. Linecuts with
both the emitters resonant and the undriven emitter far
detuned are shown in Figs. 3(e) and 3(f) for the left
and right port, respectively. While the undriven emitter
is far detuned, the intensity correlations on both sides
have a characteristic single-emitter anti-bunching dip

(g7 (0) = 0.13, g1 (0) = 0.2). As the undriven emitter is
brought into resonance, a striking contrast arises in the
correlations at the two ports. For the left port, the single-

emitter dip becomes shallower (g(LzL)(O) = 0.31), while for

the right port, a clear antidip appears (95321%(0) =0.98).
Note that detection jitter lowers the height of the antidip
and therefore reduces the underlying correlation peak. In
addition, a temporal broadening of the dip is observed, in
particular noticeable in Fig. 3(d), which is attributed to the
single photons mainly being emitted from the subradiant
state [40]. In Appendix G, intensity correlation measure-
ments are shown while collectively driving both emitters
in resonance. Dependent on the relative driving phase,

either an antidip with a bunching peak (9222(0) = 1.05,
¢%22(0) = 1.71) or antibunching (¢\% (0) = 0.40, g\ (0) =
0.39) is measured.

The directionality in photon statistics can be understood
from the relation between intensity correlations and
populations
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FIG. 3. Directionality in photon statistics. (a), (b) Schematic of

a pair of emitters in a waveguide with the left one continuously
driven from free space. At the (a) left or the (b) right port a
Hanbury Brown-Twiss setup equally splits the scattered light into
two detectors. (c), (d) Intensity correlations measured at the
(c) left and (d) right port as a function of the detuning of the
undriven QD, with a continuous and weak resonant drive of QD
at Q; /27 = 0.16 GHz. (e), (f) Linecuts from (c) and (d), with the
undriven emitter resonant (filled circles) or far detuned (open
squares). Solid (dashed) lines show numerical simulations with
QD, resonant (far detuned).

(2) Dlee)
971.(0) = ————3, 6)
b (p\ee) + pl—(,b))2
pee
gea(0) = <) 7)

(Plee) + P|+¢>)2 ’

with p), the population in the double excited state. For a
weak continuous and resonant drive of only the left emitter
and assuming for simplicity equal coupling to the wave-
guide mode (f; = f, = f§), the single-excitation compo-
nent of the steady state is |y) « |eg) — Be?|ge) (see
Appendix G). In the limit of f — 1, this component
becomes |y)  |eg) — e'|ge) = |m + ¢). Thus, p| 4 —

0 and 9531% (0) = 1/p|ee) which leads to strong bunching on

the right for a weak drive. Since p|_y remains finite, single
photons are emitted to the left while photon pairs are
emitted equally in both directions leading to the observed
asymmetry. This is consistent with QD, acting as a
saturable mirror for the photon source QD;. For the
intensity correlations, it follows that g(LzL)(O) < gg) (0),
which is consistent with our experiment. Simulation
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results for different coupling phases are provided in
Appendix G.

V. FULL INVERSION AND CORRELATED
EMISSION

Single QDs have been used to generate correlated
photons through scattering with a weak coherent pulse
[41-43], and by repeated emission from a charged QD
using the spin degree of freedom [44,45]. An exciting
natural advantage offered by coupled emitters is their
capability to generate multi-photon states directly. Super-
radiant emitters have been proposed to generate states that
offer increased phase resolution for quantum metrology
[46]. Here, we implement on-demand two-photon state

generation by fully exciting the pair of waveguide-coupled
emitters and study correlations and directionality in the
emission [47].

The coupled two-level emitters together form a four-
level system, as shown by the energy-level diagram in
Fig. 4(a). In contrast to Fig. 1(e), we now explicitly include
the double excited state, |ee), and the single-excitation
subspace is spanned by | & ¢). The full emission from |ee)
can be considered as a two-step process. Specifically, in
the case that the first photon is emitted to the left (right)
port, the system decays to the | — @) (| + ¢)) state. The
direction of the subsequently emitted second photon is
governed by the overlap of | + ¢) (| — ¢)) with the state
|7 — ¢) (|x + ¢)) from which emission is into only one

(a) (d) (e)
e wf {20
» o LL QD2 41=0
al ol £ 0.81 1EA2h 0.6
\\ER _5_:: E
N 1 0.6 s
=5 1 vansk
el S = 0.41 g
Wy B 2 s 0.2 £
lgg) '
(b) 0.0] ; 0.0
—— : -2 -1 0 1 2
delay, 7 (ns) delay, T (ns)
T T, T,
© ~ 15 0.6 Lo
L0{ 4 op, 0.8 §
= ° QD | e % 1.0 Z
% - Exp. i ° E:. 04 0.6°Z
<05 i < 3
r ; <05 0.4 °
§ i E 0.5 0.2 g
i 0.2 =
0o 05 1o 15 20 0 2 00 0.0
vpower (W) 00 05 1.0 15 00 05 10 15 ’

time, ¢; (ns) time, ¢1 (ns)

FIG. 4. Correlations in emission after full inversion. (a) Energy-level diagram for the coupled two-level emitters. Included is the
double excited state, |ee) and the single-excitation subspace is expressed by the states | + ¢) = (|eg) + e**#|ge))/+/2. Excitation is
indicated by solid arrows labeled with Q and decay is shown by dashed arrows. Secondary arrows for decay to the ground state, |gg),
are added to indicate the potential presence of a non-unidirectional emission, which depends on ¢. (b) Schematic of simultaneous
resonant pulsed excitation of both QDs along with Hanbury Brown-Twiss setups for the output ports (see Appendix D for details).
(c) Separately measured Rabi oscillations for QD, (blue) and QD, (red). Solid lines are fits with the Rabi model. The dashed line

indicates the power used for the correlation measurements. (d) Measured intensity correlations, gﬁ,) (r), for all four direction

combinations when exciting both QDs (filled circles) and g(Lz,_) for only exciting QD, (open squares). g(Lz,_) with both QDs resonant is

centered at 7 =0 ns, while the other correlations are offset in the delay for clarity. Simulations of ¢®)(7) = Ik G (t,t+
t)dt/([1(t)dt)* are shown by solid lines. (e) Close-up of (d) for the center peak of g(LZL) (filled circles) shown with respect to the
right y axis. As reference a temporally far-away side peak is shown (open circles) with 7 — 7+ Ty, where Ty = 500 T with T =
12.15 ns is the laser period. Again correlations for only exciting QD, are shown for comparison (gray open squares), which are close to

the bottom of the figure. Lines show numerical simulations. (f), (g) Fully time-resolved correlations, g(LZL)(t, ,1,), of photons detected
after (f) the same laser pulse and (g) different laser pulses. The coincidences are normalized to the maximum value in g(L2L) (t1 1y + Ty).

Insets show corresponding numerical simulations for the same axes as the experiment.
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direction as depicted in Fig. 1(e). This results in temporal
correlations between two photons emitted into either the
same or opposite directions.

In the experiment, schematically depicted in Fig. 4(b),
both QDs are simultaneously excited with a pulsed
resonant laser using the SLM. To collect statistics, we
use a pulse train with a repetition period of 12 ns, which is
much longer than the decay time of the emitters. For
initialization of the coupled system into the |ee) state, i.e.,
to perform full inversion, first individual Rabi measure-
ments are performed for each QD by detuning the other far
from resonance. Figure 4(c) shows the Rabi oscillations as
a function of laser power for each of the QDs measured
separately. The overlap of the Rabi curves shows that the
Rabi frequencies are approximately equal. Excitation into
|ee) is then performed at the laser power corresponding to
the z-flip for QD; and QD,.

Figure 4(d) shows the complete set of second-order
intensity correlations, g((j,) (7) with a, f€ {L, R}, measured
using HBT setups as shown in Fig. 4(b). The center peaks
consist of coincidences from the same laser pulse, while
the side peaks correspond to coincidences from subsequent
pulses. For clarity, the datasets for gf,%, ggz, and gﬁ% are
displaced horizontally. For comparison, the correlations

g(Lzz are shown for A; > I'y, effectively only exciting QD,.

This results in g\ (0) = 0.01, ¢\2(0) = 0.05, g3 (0) =
0.02, and gglg(O) = 0.02, obtained from the ratio between
the maxima of the center to that of a side peak. This anti-
bunching clearly demonstrates single-photon emission.
With both QDs in resonance, the normalized center peak
heights are g (0) = 0.70, g4 (0) = 0.42, g2 (0) = 0.41,
and ¢i2)(0) = 0.76.

Similar to Egs. (6) and (7), the correlations between the
left and the right port are

2

@ — @ Plee)COS"¢

9rr(0) = gz (0) = . (8
LR RE (Plee) + P11y (Plee) + P=g)

From this set of equations, it follows that g(LZ,% =

9222(0) ggll(O) cos? ¢, which is consistent with the mea-

sured coincidences for a coupling phase ¢ = 0.8x.
Moreover, there is a clear contrast between photons going

to the same port, g(LzL) and gg,g, and to different ports, gf,g

and ggL). This contrast in the multi-photon emission is
referred to as emergent chirality, because it is a result of the
spontaneously broken mirror symmetry [48].

To further assess the temporal profile of the center peak,

a close-up of 9222 () is shown in Fig. 4(e). For comparison,

a far-away side peak of g(LZL) (7 + Ty) is included when both
QDs are excited, as well as the center peak when
addressing only QD, (A; > I'}). As pointed out above,

for the single excited QD the normalized coincidences are
low. When exciting both QDs, the center peak is narrower
compared to the side peak, which indicates that the
emission is temporally correlated.

The temporal correlations in the emission are captured
in more detail by the fully time-resolved intensity corre-
lation function, gfL)(t,, t,). Figure 4(f) shows the correla-
tion map with coincidences detected for the same laser
pulse, while coincidences from different laser pulses are
shown by the uncorrelated map in Fig. 4(g). The diago-
nally elongated feature observed in the correlation map
shows that two photons arrive together, while the corre-
sponding feature is absent in the uncorrelated map. In
essence, the probability distribution underlying the uncor-
related map is a product of the photon distributions for the
independent emission after the two separate laser pulses.
For the correlated map the distribution is not a product,
because the distribution of the second photon depends on
the detection time difference with the first photon. This is a
consequence of the fact that the photon-pair emission is
governed by a cascaded decay process. Alternatively, the
emission of photon pairs, where two correlated photons
travel together in the same direction, can be understood
as one quantum emitter stimulating the emission from
the other.

VI. DISCUSSION

This work demonstrates directional emission from a pair
of independently tunable quantum dots coupled via a
waveguide. In essence, the emitters form a waveguide-
engineered molecule, which offers an alternative realiza-
tion of chiral quantum optics [17,18]. The emission
directionality can be increased through control over the
coupling phase by introducing on-chip phase shifters [49],
and a secondary coupling mechanism that cancels the
dispersive energy-level shifts while preserving the inter-
ference responsible for directional emission [50]. Future
work could involve exploiting the nonlinear phase shift
induced by coupled emitters to perform conditional phase
gates [51], and deterministic photon sorting [52].
Furthermore, the waveguide-engineered molecule could
potentially serve as a crucial building block for quantum
networks with directional light-matter interactions in
waveguides [53].

An exciting avenue opened up by the independent
electric tuning is the operation of multiple QDs equipped
with a spin degree of freedom [54,55]. Interesting
next steps are, for example, the deterministic generation
of spin-spin entanglement [56] and the implementation of
quantum gates [57], paving the way for the generation of
two-dimensional cluster states [58,59], a crucial resource
for photonic quantum computing.

Zooming out, this work presents three key steps for the
development of a multi-emitter waveguide QED platform
based on QDs: (1) independent tuning of emission
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frequencies, which can be scaled by adding more trenches,
(2) individual and collective optical control, which is
readily scalable to a higher number of emitters by using
tailored patterns for the spatial light modulator as dem-
onstrated for optical atomic traps [60] and recently for
multiple QDs in an unstructured medium [61], and
(3) coupling over distances of several tens of wavelengths,
thus extending the spatial range over which the emitters
can be located.

Two considerable challenges for scaling up are the
random spatial locations of QDs and inhomogeneous
broadening of an ensemble. To assess scalability, we
have performed numerical simulations for an increased
number of independently tunable waveguide regions, see
Appendix H. The results demonstrate that sets of three and
four resonant QDs are already feasible. Scaling with one
additional emitter can be achieved by supplementing
electric with magnetic tuning [62]. The simulations further
show that scaling to sets of ten can be enabled by a
moderate few-fold increase in relative tunability and mean
number of emitters per waveguide. The relative tunability
can be increased by reducing the spectral distribution of
the QD ensemble [63,64] and by extending the tuning
range with a heterostructure that has an additional doping
layer [65] or increased aluminum concentration [66]. A
higher mean number of emitters per structure can be
realized with extended waveguides and growth at elevated
QD density. In the future, scaling up may be expedited by
developments in growth of QDs with pre-determined
nucleation sites [67-69]. Nevertheless, even with ran-
domly located emitters, deterministic fabrication by align-
ing the waveguide position with respect to spectrally
and spatially pre-characterized emitters [70,71] will
undoubtedly facilitate scaling. Note that the above dis-
cussion applies similarly to multiple independent QDs
[32,72,73]. All together, the results presented here con-
stitute substantial progress for quantum dots and multi-
emitter waveguide QED [8] and establish a novel platform
for many-body quantum optics [74-76].
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APPENDIX A: DEVICE, SETUP, AND QUANTUM
DOT LOCATIONS

1. Device fabrication

The device, see Fig. 5(a), consists of a photonic crystal
waveguide with both ends connected to grating couplers
via nanobeams. The two grating couplers couple out light
with opposite polarizations facilitating separation in col-
lection afterward. A shallow trench is etched into the
middle of the photonic crystal waveguide to enable
independent electrical control for the left and right halves
via separate electrical contacts. The trench is 80 nm wide
and 60 nm deep, which was measured with atomic force
microscopy. These dimensions are chosen such that the
etch will be sufficiently deep for independent control while
scattering due to the trench remains negligible. The
shallow trench is etched together with the grating pattern
of the couplers and thus does not require an additional
fabrication step. Electric tuning of the dipole transitions
may enable increased coupling to the linearly polarized
waveguide mode [35]. The device is a suspended mem-
brane that consists of a heterostructure based on GaAs with
a p-i-n diode embedded, see Fig. 5(b). The shallow trench
is etched only through the p-doped layer. The chip contains
in total nearly 400 waveguide devices, with each of the
electrical control lines shared by approximately 60 to
reduce the required number of electrical wires and con-
tacts. Further details about the fabrication process and
growth can be found in Ref. [77].

2. Optical setup

The device is placed on a printed-circuit board which is
screwed onto a piezo stack and cooled down in a closed-
cycle 4 K cryostat with a confocal microscope configu-
ration. On top of the cryostat is an optical breadboard on
which the spatial light modulator is mounted. The bread-
board furthermore holds linear polarizers, computer-
controlled sets of quarter- and half-waveplates for the
excitation and collection paths, powermeter heads to read
the power for stabilization using a PID loop, camera and
white light source for imaging of the device, and fiber
couplers to couple light onto and out of the breadboard.
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Device and heterostructure. (a) False-color coded scanning electron microscope image of a nominally identical device.

Electrodes are color coded in blue and red, and the shallow etched trench is labeled and colored in yellow. (b) Optical image of the
device with QD positions indicated by the optimized beam spots. (¢) Schematic of the membrane part of the heterostructure, which
consists of a p-i-n diode and has the shallow etched trench through the p-doped layer. QDs are indicated by trapezoids.

In this experiment, the QDs are driven with either a
continuously tunable continuous-wave laser or a pulsed
fiber-optical parametric oscillator laser. The latter is
filtered with a volume Bragg grating to suppress unwanted
spectral components. The laser power is stabilized using
a power meter and a PID controller driving an acousto-
optic modulator setup on an optical table. The light
coupled out via both ports of the waveguide is measured
with superconducting-nanowire single-photon detectors
(SNSPDs).

3. Emitter locations

The growth process generates many QDs at random
locations on the wafer. Exact positions of the QDs in the
waveguide are extracted from a combination of three
images: an image of the device, and two images each
with an optimized beam spot location for one of the two
QDs. The beam spots were independently optimized for
excitation from free space on top of the waveguide in a
resonant fluorescence scheme. A combination of the three
images is shown in Fig. 5(b).

&
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APPENDIX B: CHARACTERIZATION
OF THE QUANTUM DOTS

1. Transmission spectrum

Figure 6(a) shows two waveguide transmission spectra
using a weak continuous-wave laser. The spectra show that
the photonic crystal band edge is around 317.4 THz. The
two spectra are taken with either one half or the other half
of the waveguide at a voltage such that QDs can be
resolved based on their radiative recombination. QDs in
each half are identified via transmission dips. A pair of
spectrally similar QDs is identified around 320.85 THz in
the close-up of the spectrum shown in Fig. 6(b).

2. Saturation in transmission

The QDs are further characterized by measuring the
transmission intensity as a function of excitation power.
Figure 7 shows the measured transmission as a function of
both laser power and detuning for (a) QD; and (b) QD,.
The transmission values are normalized to the transmission
obtained at large QD detuning. The measured minimum

(b)
:.L}
£ 20,000
<
. QD
Z 10,000 QD,
g
32080 32085 32090  320.95

frequency (THz)

FIG. 6. Quantum dot search in transmission. (a) Counts in transmission as a function of laser frequency with the left half bias voltage
at 1.252 Vand the right half at 1.0 V (blue), and vice versa (red). QDs appear as dips in the transmission spectrum. (b) Close-up of the
data in (a) for the window indicated by the dashed lines. Two dips with 5 GHz frequency difference are observed with one in each half

of the waveguide.
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FIG. 7. Transmission and saturation. (a), (b) Measured transmission intensity as a function of the input laser power and detuning of
(a) QD; and (b) QD;,. (¢) Minimum transmission dip for QD; (blue) and QD, (red). Solid lines are fitted with a model for the QD

saturation [78].

transmission dip as a function of excitation powers is
shown in Fig. 7(c). We extract from these transmission
measurements the pure dephasing, I';, the Fano factors, &;,
which model the effect of a weak cavity caused by
imperfect impedance matching [78], the couplings to
the guided mode, f;, and the spectral diffusions, oy,
and provide them in Table I.

3. Charge plateaus

Permanent dipoles and tuning ranges for each of the two
QDs are obtained from the charge plateaus shown in Fig. 8.
Both QDs have one dipole that is well coupled to the
waveguide, and for both the second dipole is only weakly
coupled resulting in the faint additional lines. The elec-
trical tuning range for both QDs is close to 50 GHz.
Outside this range tunneling dominates over radiative
recombination.

4. Time-resolved emission measurements

The decay rates of the QDs are extracted experimentally
by exciting them resonantly from the top with a pulsed
laser. The emitted light is filtered by a ~3 GHz narrow
etalon filter to remove leaked laser light and is detected by
an SNSPD. The measured time-resolved intensity signal,

TABLE 1. Parameters of the quantum dots. QD total decay
rates, [';, the permanent dipole, p;, for the electrical tuning by the
dc Stark shift, &; the Fano factor, f; the coupling to the guided
mode, o4 the spectral diffusion, y, the dephasing rates, and ¢ the
coupling phase.

{I',.T,}/2x, GHz 0.388(1), 0.349(1)

{p1. p>}/27, GHz/mV 0.50, 0.54
{B1. B2} 0.95, 0.85
{¢1.&6} 0.0, 0.1
04/27, GHz 0.30, 0.22
va/27, GHz 0.01, 0.09
¢, rad 0.87

shown in Fig. 9, is modeled by the convolution of the
exponential QD decay with the instrument response
function to take into the account the detection jitter.
The instrument response function is a Gaussian distribu-
tion with standard deviation orr = 188(1)ps. The decay
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FIG. 8. Charge plateaus in transmission. (a), (b) Counts as a
function of laser frequency and bias voltage for the (a) left half,
which holds QD;, and the (b) right half, which holds QD,, of the
waveguide. The other bias voltage is set to 1.0 V. The data in
(a) are composed of three measurements, which had slightly
different background signal.
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FIG. 9. QD lifetimes. Normalized time-resolved emission
intensity for QD; (blue) and QD, (red) for resonant pulsed
excitation. Taking into account the instrument response function,
the extracted exponential decay rates are I'; /27 = 0.388(1) GHz
and I', /27 = 0.349(1)GHz.
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rates are [I/2r=0.388(1) GHz and TI,/2z=
0.349(1) GHz for QD; and QD,. The difference in decay
rates is attributed to the QDs’ positions within the wave-
guide, which lead to variations in the local density of states
and Purcell factor. The parameters for the theoretical fits
are presented in Table I.

APPENDIX C: SPATIAL LIGHT MODULATOR
FOR EXCITATION

We employ a spatial light modulator (SLM) to simulta-
neously excite both QDs from free space. The SLM is a
Holoeye Pluto 2.1, which is for phase-only modulation. It
consists of 1920 x 1080 pixels of 8 pm x 8 pm size and
has a 93% fill factor. Each pixel can be programmed
individually to control the acquired phase with 8-bit
resolution.

EE Collection
1 U=
___________________ il
SLM
HWP
LP

Input Laser

FIG. 10. Schematic of setup using SLM. A linear polarizer
(LP) and half-wave plate (HWP) align the input laser polariza-
tion for optimal SLM performance. A blazed grating is applied to
the SLM to diffract the beam. A HWP and quarter-wave plate
(QWP) tailor the polarization to excite a specific QD dipole. The
beam passes through a beam splitter which separates excitation
and collection, and the objective focuses it onto the device as two
distinct spots.

~
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FIG. 11.

#periods

For collective excitation, a blazed grating is pro-
grammed on the SLM to generate a diffraction pattern,
see Fig. 10. The zero order beam spot is positioned on QD,
and the first order on QD, by tuning the period and rotation
of the grating. The amplitude of the grating is used to
control the relative driving strength, while the relative
driving phase is controlled by translation of the grating.

Figure 11(a) shows a representative picture taken with
the camera used to image the device in the cryostat. The
picture clearly shows two well-separated beam spots.
Figure 11(b) shows the change in position of the first-
order beam spot as a function of the number of grating
periods programmed for the SLM. The position changes
linearly with the number of periods, thus providing a
convenient control knob for the alignment of the first-order
beam spot. The intensity of the zeroth- and first-order
beam spot as a function of the amplitude of the blazed
grating is shown in Fig. 11(c). The intensity is initially
fully in the zeroth order, since there is no diffraction at low
amplitudes. As the amplitude is increased, the intensity
of the zeroth order decreases, until nearly all intensity is
diffracted into the first order. The maximal intensity for the
first-order beam spot is approximately equal to that of the
zeroth order, which shows that the diffraction occurs with
high efficiency.

In more detail, the procedure for collective excitation
with the SLM is as follows. First, the zeroth-order spot is
manually aligned to one of the QDs by adjustments to
mirrors in the optical path. Next, starting with an inter-
mediate amplitude for the blazed grating, the first-order
spot is aligned to the other QD by adjusting the number of
periods and the rotation of the blazed grating programmed
on the SLM screen. Then, the amplitude of the grating is
calibrated to balance the intensity between the spots to, for
example, apply equal Rabi driving strengths to both
emitters. Finally, the relative driving phase is controlled
with the translation of the grating to study the collective
emission behavior of the QDs.

=
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1

50 75 100 0 100 200
amplitude

Control of beam spots with SLM. (a) Camera image with on the left the zeroth and on the right the first diffraction order

created with a blazed grating pattern on the SLM. (b) Slices at y = 0 of camera images as a function of the number of periods patterned
on the SLM screen. The dashed black line tracks the position of the first-order diffraction. (c) Intensity of the zeroth- and first-order
diffraction beam spots as a function of the modulation depth of the blazed grating pattern.
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Future work, for example on several QDs equipped with
spin, may leverage a single SLM operated with double
modulation to independently control, in addition to the
amplitude and phase, the polarization of multiple beam
spots [79].

APPENDIX D: SETUP TO TEMPORALLY
MULTIPLEX COLLECTION

To measure the emission intensities and their correla-
tions under pulsed excitation, a setup is used to temporally
multiplex the output signal as visualized in Fig. 12. One
collection path is delayed with an additional fiber before
combining the two paths with a 50:50 fiber beam splitter
(FBS). The collected light is filtered together by a single
narrow etalon and afterward split up by a second 50:50
FBS. Thus, on each detector the filtered signal is recorded
from both the left and right side of the waveguide, where
the signal from the right output is delayed with respect to
the left. In this way, for both outputs the intensities and all

right collection
4 4 ‘%’%—i 1 < bo

left collection
FIG. 12. Temporal multiplexing setup. Schematic of setup to
concurrently measure intensities, /; and I, and correlations,

gfL), gﬁe ,l, IRL ) and gL R, of the left and right collection ports. The

light from the right collection port is delayed and combined with
the light from the left port on a beam splitter. The light is passed
through an etalon filter and split up by another beam splitter after
which the signals are detected by a pair of SNSPDs.

11[ )4

etalon

four combinations of intensity correlations can be mea-
sured with only one etalon filter and two SNSPDs.

APPENDIX E: DIRECTIONALITY
IN EMISSION INTENSITY

The measurements underlying Fig. 1(f) are obtained by
a lifetime-type measurement. Both QDs are resonantly
excited using a single pulsed laser operated at relatively
low power. In this way, emission is predominantly from the
single-excitation subspace. The relative driving phase,
0, is varied using the SLM (see Appendix C). Figure 13
shows the recorded time-resolved emission intensities
from the left and right output ports. The results demon-
strate that the relative phase €, controls the emission
directionality, directing photons preferentially to either the
left or right output.

APPENDIX F: ANALYSIS OF LIMITATIONS
FOR DIRECTIONALITY

In this section we breakdown the limitations on the
observed directionality. Figure 14 shows the results for an
idealized directional system with a purely dispersively
coupled pair of emitters. Analogous to Fig. 1(f), in
Fig. 14(a) the directionality is shown as a function of the
driving phase. For an integration window of 1/T";, corre-
sponding to the emitter lifetime, the maximum relative
intensity is 0.96. For a larger integration window of nearly
ten times the lifetime, the maximum directionality is
reduced to 0.75.

The difference in directionality between these two time
windows can be understood from the time-dependent
intensity for each port as shown in Fig. 14(b). The
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FIG. 13.

tlme Ilb

Directionality in intensity as a function of driving phase (a), (b) Schematics for pulsed excitation of both emitters and

collection on the (a) left and (b) right port. (c), (d) Measured time-resolved emission intensity for the (c) left and (d) right port after
pulsed resonant excitation. Counts are normalized by the maximum for the respective side.
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14. Directionality for an idealized pair of emitters: purely dispersive coupling (¢ = 0.57), equal decay rates

(' /27 =T, /27x = 0.3 GHz), unity waveguide-coupling strength (#, = 5, = 1), on resonance (A; = A, = 0) and without spectral
diffusion and dephasing. (a) Relative intensities I; g/ (I, + I) as a function of the relative driving phase 6, for the left (cyan) and right
(purple) ports. Solid lines are emission integrated over 1/T"; (one lifetime) after the excitation pulse, and dotted lines are for integration
over 5 ns. (b) Time-resolved emission intensity for 8, = 0.5z. (c) Time dependence of the relative intensities (without integration),

again for ; = 0.57.
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FIG. 15.

Dependence of the directionality on the coupling phase. (a) Relative intensity on the right port for various coupling phases,

¢, as a function of the driving phase, 6,. (b) Maximum relative intensity on the right port as a function of the coupling phase. In both
panels, solid (dashed) lines correspond to integration over 1/I"; (5 ns) after the excitation pulse.

emission into the left port is initially negligible and
gradually increases during the system decay. This is
further made explicit in Fig. 14(c), which plots the relative
intensities as a function of time (without integration of the
intensity). The system initially reaches near-perfect direc-
tionality to the right port and evolves to later reach perfect
directionality to the left port. This time dependence is
caused by the coherent evolution due to the dispersive
coupling, J,, between the emitters and is the main
contribution to the difference between the relative intensity
for the short and long integration windows.

We next examine the dependence of the directionality
on the coupling phase, ¢. Figure 15(a) shows the relative
intensity on the right port for various coupling phases and
as a function of the driving phase, 6,. Figure 15(b)
condenses these results into the maximum relative inten-
sity as a function of ¢. This shows that a high level of

directionality can be achieved for a large range of ¢, in
particular for the shorter time window.

Together, Figs. 14 and 15 set a theoretical bound on the
achievable directionality for a pair of waveguide-coupled
emitters. Figure 16 shows a breakdown of the dominant
contributions, finite driving power and spectral diffusion,
that reduce the directionality observed in the experiment.
The driving power (Q; = ,) used in the experiment
reduced the relative intensity for the short window, which
is a consequence of driving into the |ee) state. The other
major contribution, spectral diffusion, effectively reduces
the interaction between the emitters and is the dominant
effect for the long integration window. The remaining
difference between the observed directionality and the
theoretical maximum is a combination of marginal effects,
such as dephasing, asymmetry in decay rates, and detec-
tion jitter.
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FIG. 16. Breakdown of the limitations in the observed direc-
tionality for the short (1/T";) and long (5 ns) integration window.
Gray: experimentally observed relative intensity on the right
port. Blue: reduction from the higher driving power, Q, used
experimentally. Red: reduction in relative intensity due to
spectral diffusion.

APPENDIX G: FURTHER RESULTS FOR gfj}
UNDER CONTINUOUS DRIVING

1. Analytical derivations for gg,) (0)

In order to calculate the intensity correlations for a
continuous drive at zero time delay 7 =0, we follow a
weak-driving perturbation approach, which is recapped
below and further described in Ref. [40]. Furthermore, we
extend the previous analysis by considering the direction-
ality in photon statistics.

Consider the state

W) = cCee |ee) + cogleg) + chelge) + ¢y lgg)  (G1)
~~ A %

~Q? ~Q! ~Q0

where the coefficients will be expanded to the orders
indicated above. From the effective Hamiltonian for the

single-excitation subspace in the basis {|eg), |ge)},
H o l ZAI — lF] —iei(/)\/ﬂlﬂzrlrz
eff = 2 —iei¢\/ﬂ1ﬂ2F1F2 2A2 - lF2 ’
(G2)

the steady state is calculated to leading order in Q. The
solution for the steady state is

Ceg — He_f% gzlei‘gl
Cge 58 2 Qzeiaz ’

. i(e%2Qyceq + €1Q) ¢ ye) G4)
T T 4 2i(A + Ay

(G3)

and

Let us consider the case that only one emitter is driven
(Q; =Q, Q, =0), yet both are in resonance with the

driving field (A; = A, =0). The emitters are further
assumed to have identical decay rates (I'; =1, =1') and
equal coupling strength to the guided mode (#; = f, = f).
In this limit, the single-excitation subspace component of
the steady state is

iQ
B,

ly1) = = (leg) — pe|ge)). (G5)

with By = 1 — f2e*?. As described in the main text, for
p =1, ly) « |z + ¢), thus single photons are emitted
predominantly to the left.

Experimentally, the directionality in photon statistics is
characterized through the normalized intensity correla-
tions, because those are not affected by differences in
collection efficiencies. The intensity correlations in nor-
malized form are gg? (7) = GZ{) (7)/ (I 1p) with Gg} the
unnormalized correlations and [, the intensity for direc-
tions a, # € {L, R}. Explicitly, the intensities for the left

and right port, I, = (EZ,EG,), are

_ QP21 + P + Q7 — 4P cos 2¢)

I
L 403 (B, |?

. (G6)

Q21 - BT 4 52Q7)
n 4r3|B,?

Ix (G7)

The unnormalized intensity correlations, G((J?(O) =
(EYEJE4E,), are

2 4
@) — @y — P
GLL (O) - GRR(O) - 4F2|B(/)|2 ’ (G8)
204 2
(2) (2) B ﬁ Q"cos ¢
GLR(O) GRL(O) - 4F2|B¢|2 . (Gg)

For ¢ = 0 the correlations are equal for the left and the
right port. By increasing ¢, the correlations decrease for
the left port and are minimal for ¢ =7, while the corre-
lations at the right port increase and are maximal at ¢ = 7.

Regarding the photon statistics, in this work experi-
mentally characterized by g((,za)(t), both the single-photon
and the two-photon contribution change as a function of ¢.
However, the directionality in g(LZL) (0) and gg(O) is caused
by the change in single-photon component with the
coupling phase. The directionality in the two-photon
component could become apparent in the temporal asym-
metry of g(Lz,%. Our analytical result, however, only applies
to =0, and we therefore resort to a numerical
investigation.
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FIG. 17. Directionality in statistics. Numerically simulated intensity correlations (a) at the left port, (b) between left and right ports,
and (c) at the right port for different coupling phases. The left emitter is excited with a weak resonant continuous drive, and the right
emitter is in resonance but not driven. Specifically, the simulation parameters are Q, /27 = 1/16 GHz, Q, = 0 GHz, 5, = f, = 0.95,

I'y /27 =T, /2x = 1 GHz, and with dephasing for both emitters y,/2z = .01 GHz. These simulations do not include detection jitter

and spectral diffusion.

2. Numerical simulations of g‘(j,) (7)

Simulations of the intensity correlations as a function of
delay 7 for various coupling phases and different detector
combinations are shown in Fig. 17. For purely dissipative
coupling, ¢ = N, there is no directionality in the intensity
correlations. The directionality increases with increasing
dispersive coupling. For purely dispersive coupling, the
simulated intensity correlations show clear antibunching
on the side of the driven emitter, while maximal bunching
appears on the side of the not driven emitter. In addition,
antibunching occurs in the correlations between the left
and right ports. This is explained by that detection of the
first photon projects the system into a state from which
the second photon is emitted in the same direction. The
oscillations are due to dynamics in the single-excitation
subspace induced by the dispersive coupling.

3. Collective driving measurements

Figure 18 shows coincidence measurements for weak
and continuous resonant driving of both emitters. For
the left port, see Figs. 18(c) and 18(e), the maximum is
¢t (0) = 1.05 while the minimum is g\% (0) = 0.40. At
the right port, see Figs. 18(d) and 18(f), the maximum is
942(0) = 1.71 while the minimum is g3(0) = 0.39. Thus
on both the left and the right port, the emission changes
between antibunching and bunching as the relative driving
phase between the emitters is varied. Notably, there are
driving phases where either the left port, the right port, or
both ports show an antidip in the coincidences. These
results demonstrate the role of coherence in the driving of
both emitters.

APPENDIX H: SCALABILITY ANALYSIS

1. Success conditions and assumptions

In this section we assess the feasibility of scaling up the
system of coupled QDs based on individual electrical
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FIG. 18. Directionality in photon statistics for collective

driving. (a), (b) Schematic of a pair of continuously driven
emitters in a waveguide with either the (a) left or the (b) right port
leading to a Hanbury Brown-Twiss setup, which equally splits
the scattered light into two detectors. (c), (d) Intensity correla-
tions measured at the (c) left and (d) right port as a function of the
relative driving phase. (e), (f) Cuts from (c) and (d), at the driving
phase for the maximal (filled circles) and minimal (open circles)
values of g((,%,,) (0).

control enabled by employing multiple trenches. More
specifically, we calculate probabilities of finding at least
one set of radiatively coupled QDs that can all be tuned
into resonance simultaneously. To this end, three condi-
tions must be met: each QD in the set must be (1) well
coupled to the same waveguide, (2) individually tunable,
thus separated by trenches from the other QDs in the set,
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and (3) spectrally sufficiently close to the other QDs in
the set, such that they can all be tuned into resonance
simultaneously.

To calculate the probability of satisfying these condi-
tions, a statistical model is implemented with several
assumptions. For condition (1), a device is considered
with a certain QD density, pgp, and with the locations
of the QDs independent and identically distributed. For
waveguides, fabricated without taking into account the
emitter locations, the number of QDs in it follows a
Poisson distribution with mean, uqp = popA, where A is
the area of the waveguide. A subset of these QDs will be
well coupled to the waveguide, depending on its geometry
and the locations of the QDs within it. To obtain a
reference, we count the number of well-coupled QDs in
the structure used in this work, conditioned on their
resonant transmission dip being deeper than 50%. This
results in 35 QDs, see Fig. 6(a), thus pugp = 35 is taken as a
representative value for the current device. For (2), it
follows that the subset of QDs in each of the electrically
independent regions in the waveguide, N, is given by the
Poisson distribution. Regarding (3), the inhomogeneous
broadening of the emission wavelengths is modeled by a
Gaussian with width 6op = 15 nm. From the charge
plateaus shown in Fig. 8, the tuning range of the emission
wavelength, 64, is extracted to be approximately 0.15 nm,
which determines the spectral separation condition.

2. Probability by sampling

Given these three conditions, the goal is to extract the
probability of finding a set containing the number of QDs,
N This probability is obtained from an algorithm based
on Monte Carlo sampling, shown as pseudocode in
Fig. 19(a).

In the first step (i), we calculate the Poisson probability
amplitude, Pp;s(Ngp), to find a number of QDs, Nqp, in a

(a)
(i) Calculate Poisson distributions:
PpOiS(NQD) forall pop
(ii) Simulate conditional probabilities:
For Nyp:
Repeat n,,,, times:
Distribute Nyp across Ny
For each QD: sample 1 from Gaussian
Sort A
Calculate min(A2)

For 82: if 61 = min(AA) then M(Ngp) += 1

P(NsethQD) = M(NQD)/nrun
(iii) Compute weighted probabilities:
For ugp:
P(Nget) = ZNQD P(NsethQD) Ppois(NQD)

waveguide for a given mean, ygp. The Poisson distribution
is calculated up to a Nqp that includes at least 99.95% of
the probability mass. In the second step (ii), the conditional
probability, P(Ng|Nqp), is computed for every Ngp by
repeatedly running the sampling routine. For each run,
first, the QDs are distributed across N, regions following
the multinomial distribution. Next, for each QD its
emission wavelength is sampled from a Gaussian distri-
bution. Then, the wavelengths are sorted and the smallest
spread, min(A41), is extracted for N, consecutive wave-
lengths that are for QDs in distinct waveguide regions. If
64 > min(A4), then a success is noted. This condition is
visualized for Ny, =3 in Figs. 19(b) and 19(c) for a
success and a failure, respectively. Last, the number of
successes is normalized to the total number of runs to
obtain the conditional probability, P(N|Nqp). The third
step (iii) is to combine the sampled conditional proba-
bilities with the Poisson probability amplitudes, resulting
in the final probability

P(Nset) = ZP(NsetUVQD)Ppois(NQD)s (HI)

Nap

for every given 64 and puqp.

A single chip typically holds many waveguides, which
leads to the probability of finding at least one set of Ny
QDs that can be tuned into resonance on a chip being

PN (Nset):l_(l

wg

- P<Nset))ng ’ (HZ)

with N, the number of waveguides.

wg

3. Scalability results

Figure 20 shows the simulated probabilities for a single
waveguide, P;(Ng,), for several values of Ny as a
function of the relative tuning range, 64/oqp, and the

(b)
1 1
'@
1 1
1 1
r T 1 T 1 T 1
939.8 939.9 940.0 940.1 940.2
Wavelength (nm)
©
939.8 939.9 940.0 940.1 940.2

Wavelength (nm)

FIG. 19. Algorithm and wavelength condition. (a) Pseudocode of the Monte Carlo sampling algorithm for a certain Ng. (b) 3
independently tunable QDs that are spectrally sufficiently close such that the full set can be tuned into resonance simultaneously. The
dashed lines indicate the range of wavelengths for which they can be made resonant. (c) 3 QDs being spectrally too dissimilar to all be

within tuning range of each other.
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size of the set and the number of waveguide regions. Black circles indicate the parameters of the device used in this work. The contour
lines indicate the probability of 1% (black) and 10% (white). (e)—(h) Same as (a)—(d) with an additional number of trenches such

that Ny = 3N

mean number of QDs, yqp. In Fig. 20(a), for the current
experimental parameters, a value of P(Ny, = 3) = 0.04
is found. For Ny, = 3 this results in a probability of
Pioo(Ng = 3) = 0.98 for a chip with 100 waveguides,
thus it already becomes feasible to find sets of three
resonant QDs with waveguides that have two trenches. For
scaling further to Ny, = 4, shown in Fig. 20(b), with the
current experimental settings, the probability for a single
waveguide is P (Ng, = 4) = 7 x 10~* and for a chip with
N,,; = 500 it is Pspy(Nge = 4) = 0.29. This shows that
it is in principle possible to operate sets of four resonant
QDs with waveguides that have three trenches, but with
this approach it likely requires to search multiple
chips. Scaling to even larger sets of QDs is shown in
Figs. 20(c) and 20(d), which for current experimental
parameters shows Psy(Ny =5) =5 x 1073 and still
lower for Ny, = 10.

The probability for larger sets of resonant QDs can
be increased by separating a waveguide into more inde-
pendently tunable regions by adding trenches. Intuitively,
additional trenches enable the tuning into resonance of
QDs that would otherwise not be independently tunable.
Figures 20(e)-20(h) show the probabilities for three
times the number of independently tunable regions,
i.e., Ny, = 3N For current experimental settings, the
probability for Ny, =4, see Fig. 20(f), is increased
to P(Ny =4)=4x 1073, which corresponds to a
factor three increase in probability per chip to
Psgo(Ngt = 4) = 0.87. For Ny = 5, the increase in num-
ber of regions results in that the probability per chip is ten
times that before so that Psqy (N = 5) = 0.05. However,

this probability remains rather low thus such set sizes are
challenging to realize given the current experimental
parameters.

Larger sets of QDs become feasible with increased
relative tuning range and mean number of QDs, especially
when combined with an increased number of trenches.
Here we set the number of regions to be three times the set
size, as shown in Figs. 20(e)-20(h). Only twice the relative
tuning range and mean number of QDs, P|(Ny = 5) =
4 x 1073, results in Pspy(Ng = 5) = 0.86 per chip. With
five times the relative tuning range and three times the
mean number of QDs, we find P (N = 5) = .95, i.e,, a
high probability already for a single waveguide. For even
larger sets, say N, = 10, this results in the probability per
waveguide Pso(Ng = 10) =1 x 1073, which per chip
is PSOO(Nset = 10) =0.42.

Figure 21 presents the trend of the probability for
various set sizes and numbers of trenches. For the mini-
mum number of regions, i.e. Ny, = Ny, Fig. 21(a) clearly
indicates that an increased mean number of QDs enables
larger sets of resonant QDs. In comparison, a substantial
increase in probability is obtained for additional trenches,
as shown for N, = 3N in Fig. 21(b). Specifically, for
scaling to N, = 4, Fig. 21(c) shows the probabilities for
various numbers of waveguide regions. Figure 21(d) dis-
plays the relative improvement obtained from the data in
(¢) by normalization to the probability for Ny, = N The
improvement from separating into more independent
regions decreases for an increasing number of regions,
which can be explained by the fact that many QDs are
already independently tunable. From Figs. 21(c) and 21(d)
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minimally required, i.e. Ny; = Ny, and in (b) an excess number of trenches is used such that Ny, = 3N. (c) Probability and
(d) relative probability improvement for N, = 4 and various numbers of trenches, using the relative tuning range of 64/oqp = 0.01.

together, it is clear that the largest improvement obtained
by adding trenches is in the low-probability regime.

4. Conclusion and outlook

To sum up, the simulations demonstrate that waveguides
with trenches for independent tuning, as presented in this
work, are suited for scaling the number of coupled QDs.
The first step in scaling is three resonant QDs. Our
feasibility analysis shows that this is well within reach
based on the probability of 0.98 for a chip with 100
waveguides that have three independently tunable regions,
i.e., with two trenches. An alternative approach may
leverage a global magnetic field as an additional degree
of freedom for tuning, therefore even the current device
design with only one trench already enables three reso-
nant QDs.

Furthermore, the feasibility analysis shows that addi-
tional trenches can enable scaling. Leveraging this
approach, scaling to four QDs is realistic using twelve
independent regions based on the simulated probability of
0.87 for a chip with 500 waveguides. Further scaling to
larger sets, e.g., ten waveguide-coupled QDs and beyond,
becomes feasible with realistic adjustments to inhomo-
geneous broadening, tuning range, QD density, and wave-
guide dimensions. A powerful approach for scaling not
included in our feasibility analysis is deterministic fab-
rication through which the position of the waveguides is
optimized with respect to pre-located emitters [70,71]. In
the future, developments in growth of QDs with pre-
determined nucleation sites [67—-69] may enable consid-
erable further scaling.
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