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Scattering laser light from two resonant quantum dots in a photonic crystal waveguide
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We demonstrate the scattering of laser light from two InAs quantum dots coupled to a photonic crystal
waveguide, which is achieved by strain-tuning the optical transitions of the dots into mutual resonance. By
performing measurements of the intensity and photon statistics of transmitted laser light before and after tuning
the dots into resonance, we show that the nonlinearity is enhanced by scattering laser light from two dots.
In addition to providing a means of manipulating few-photon optical nonlinearities, our approach establishes
opportunities for multiemitter quantum optics in a solid-state platform.

DOI: 10.1103/PhysRevB.106.L081403

An efficient photon-photon nonlinearity is a key resource
that is needed to access and to use quantum information stored
in light [1,2], thus underpinning the operation of components
such as single-photon switches and all-optical deterministic
quantum logic gates [3-5]. An appealing approach to produce
such a nonlinearity is with a coherent light-matter interface of
quantum emitters such as atoms [6,7] or solid-state “artificial
atoms” [8—12] coupled to a single-mode nanophotonic waveg-
uide (WG). Operated as two-level systems, these emitters can
be saturated by the single-photon component of a resonant
coherent input field, producing a giant optical nonlinearity
at the quantum limit. This giant nonlinearity has recently
been demonstrated by scattering weak coherent laser light
from single semiconductor quantum dots (QDs) embedded
in photonic crystal (PhC) WGs [8,9,11]. In this approach, a
QD can manipulate the classical coherent input to generate
a nonclassical output, including exotic states of light such as
energy-time entangled two-photon bound states [8,9,11,13].
Waveguide quantum electrodynamics also offers a tantalizing
platform for realizing multibody quantum optics, with disper-
sion and modal engineering possibilities that are inaccessible
to traditional cavity QED. This has generated significant re-
cent theoretical and experimental interest from solid-state
[10,14-18], atomic [6,14,19], and superconducting qubit
communities [20].

Scattering resonant laser light from multiple emitters could
provide new opportunities for quantum information process-
ing components such as single-photon switches and all-optical
deterministic quantum logic gates [3-5], but it remains chal-
lenging for atomic systems and unexplored for QDs. For
atomic systems, despite progress in creating deterministic
atom-WG interfaces [21], it is difficult to efficiently couple
atoms to WGs. It has been shown that this can be overcome
by scattering from an ensemble of atoms weakly coupled to a
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waveguide, resulting in a collective enhancement of correlated
photon pairs [6]. On the other hand, strong and deterministic
WG coupling is routinely achieved with solid-state emitters
such as QDs [8,9,11] and defects in diamond [10,15], but
the variation in optical transition frequencies of solid-state
emitters has made the demonstration of multiemitter quantum
optics an ongoing challenge. Although there has been recent
progress in demonstrating collective quantum phenomena
such as superradiance through the emission of indistinguish-
able photons from multiple solid-state emitters coupled to the
same WG mode [10,14-18], scattering resonant laser light
from multiple QDs has not yet been demonstrated.

In this Letter, we demonstrate collective scattering of laser
light from two QDs coupled to a single mode PhC WG. This
result is made possible by a strain-tuning technique that we
recently developed [16], which allows the optical transitions
of multiple QDs to be tuned into mutual resonance within
the same PhC WG. For these experiments, a continuous-wave
(cw) laser is transmitted through a photonic crystal WG with
embedded InAs QDs. By tuning the laser on-resonance with
a two-level QD optical transition, the single-photon compo-
nent of the coherent laser field is reflected and correlated
photon pairs (photon bound states) are transmitted [6,8,11].
The QD-WG coupling efficiency (B) is a key parameter that
controls the size of the nonlinearity that can be observed in
these experiments, with the magnitude of the transmission dip
proportional to 1—p for a transmitted weak input field reso-
nant with a QD. We show that collective scattering produces a
larger nonlinearity in the transmitted intensity as well as in the
bunching in second-order photon correlation measurements
compared to individual QDs, with both effects arising from a
higher probability of single photons scattering from two QDs
than from one.

These concepts are illustrated schematically in Fig. 1(a)
and with the calculations in Figs. 1(b) and 1(c) using the
input-output formalism developed in Refs. [11,22] (see the
Supplemental Material [23] for details of the model). For
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FIG. 1. (a) Photonic crystal waveguide containing embedded QDs and transmission experiment schematic. Calculated transmission (b)
spectra and (c) second-order autocorrelation g () functions for one QD and two resonant QDs for a weak coherent input field and assuming
an ideal waveguide (no end-facet reflections), with § = 0.5 and I' = 1 GHz.

a weak coherent input field and 8 = 0.5 for each QD, i.e.,
light transmitted through the waveguide has a 50% probability
of scattering from each QD, as shown in Fig. 1(b). When
the QDs are in resonance, the magnitude of the transmission
dip 1-T /Ty increases. The bunched photon statistics around
t = 0 in the calculated g(z)(r) curves in Fig. 1(c) result from
the preferential transmission of two-photon bound states com-
pared to single-photon states, due to the nonlinear interaction
with the QDs at the few photon level [8,11,24-26]. Increasing
the number of QDs to 2 essentially purifies the two-photon
output, resulting in a larger bunching peak for two resonant
QDs.

We use InGaAs QDs grown by molecular beam epitaxy
embedded in GaAs PhC membrane waveguides with a vertical
n—i — n—i — p heterostructure for deterministic control of the
QD charge state [16]. Experiments were performed at 5.3
K with a 0.75 NA temperature-controlled objective in the
vacuum space of a closed-cycle cryostat and a custom con-
focal uPL (photoluminescence) set up. We use the optically
active negative trion (X~) QD charge state, which has doubly
degenerate transitions from the electron spin ground states to
X~ states at zero magnetic field and can therefore be treated as
a two-level system. The QDs are strain-tuned into resonance
using a technique in which an above-gap laser is used to
locally crystallize a thin HfO, film on the surface of the PhC
membrane, allowing multiple QDs embedded in the same PhC
WG to be brought into mutual resonance [16]. The spatial
positions of the QDs (labeled QD1 and QD2 throughout) were
determined using an optical image of the sample and by scan-
ning an above-gap laser over the waveguide while monitoring
the PL. From this, we determine a QD1-QD?2 distance of 4 +
0.3 pum.

We first characterize the photon statistics of the X~ PL
from two QDs excited by a 1353 meV nonresonant cw laser
through the PhC WG mode, as shown in Fig. 2. We note that
these g (t) measurements of QD PL demonstrate the single-
and indistinguishable-photon emission properties of the dots

that were used for the laser scattering experiments shown in
Figs. 3 and 4 and also serve as a comparison to previous
work (Refs. [10,15-17]). In Fig. 2, we show the measured
second-order autocorrelation function g (7) using a Hanbury
Brown-Twiss setup for three regimes in Fig. 2: (i) single-
photon emission from one QD, (ii) distinguishable emission
from two nonresonant QDs, (iii) and indistinguishable emis-
sion from two resonant QDs. The single-photon emission
was measured by sending the emission from QD2 through
a narrow-band filter, resulting in antibunched g®(0) ~ 0.084
statistics (black points in Fig. 2). After tuning QD1 to within
50 eV of QD2, the emission from both QDs was sent through
the same filter with g (0) & 0.6 (blue points in Fig. 2), as ex-
pected for two distinguishable photon sources [16]. The small
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FIG. 2. Second-order autocorrelation measurements of the PL
from (i) one QD (black dots), (ii) two distinguishable QDs (blue
dots), and (iii) two indistinguishable QDs (red dots) excited by
nonresonant 1353-meV laser light. g®(0) — 0 for one QD (QD2),
g?(0) — 0.5 collecting emission from both QD1 and QD2 when
they are detuned from one another, and g (0) — 1 when QDI and
QD2 are resonant due to the quantum interference of indistinguish-
able photons in the waveguide [15-17,27].
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FIG. 3. The measured negative trion (X") transmission for QD1
and QD2 as a function of detuning §/27 from the excitation laser
is shown prior to (red points) as well as after strain-tuning QD1 into
resonance with QD2 (black points). The parameters determined from
fits to QD1 and QD2 (black line) were used to calculate the resonant
QD spectrum (black dashed line), without including the Fano effect,
which is extraneous to the process of interest and does not affect the
value of the linewidths that are determined.

discrepancy of the experimental data from the theoretical
values of g?(0) = 0 and 0.5, respectively, is predominantly
due to background PL excited by the nonresonant laser. Af-
ter tuning QD1 and QD2 into resonance, a bunching peak
emerges with g (0) = 0.86 (red points in Fig. 2) due to the
quantum interference of indistinguishable photons emitted by
both QDs and is one signature of superradiance [15-17,27].
The difference from the theoretical value of g»(0) =1 is
due to a small spectral detuning between the QDs caused by
the relatively high power of 2 ©W used for the nonresonant
1353-meV excitation laser. We emphasize that Figs. 2 and
4(b) display photon statistics that originate from different
physical mechanisms. The former shows measurements of the
photoexcited emission from the dots, and the latter shows
measurements of transmitted laser light that resonantly scat-
ters from the dots.

Next, we show laser scattering from the same two QDs.
The laser transmission experiments are performed by trans-
mitting a weak, tunable cw laser through the WG. In Fig. 3,
the normalized transmission intensity 7 /7y is shown as a
function of laser detuning (plotted relative to QD2) with QD1
and QD2 in the X~ charge state. 7j is the transmission inten-
sity of the bare WG measured at an electrical bias far-detuned
from the X~ charge state, where the quantum dots do not
absorb. The spectrum is shown before (red points) and after
(black points) tuning QD1 into resonance with QD2, with
transition linewidths of 0.48 and 0.27 GHz for QD1 and
QD2, respectively. The asymmetric line shapes originate from
Fano interference caused by reflections from the PhC WG end
facets that produce Fabry-Pérot modes [8,11], and depend on
the detuning from these modes (see the Supplemental Material
[23] for the PhC WG transmission spectrum).

We use the formalism of Ref. [28] for coupled two-level
emitters to model the spectra in Fig. 3.We account for spec-
tral diffusion by running this calculation repeatedly with the
spectral positions of each dot taken randomly and indepen-
dently from a Gaussian distribution and averaging the results.
Using the radiative emission rate yg/2m = 0.16 GHz for
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FIG. 4. Nonlinearity of resonant and nonresonant QDs in a
waveguide as a function of transmitted laser power. (a) Saturation
of transmission intensity on resonance for QD1, QD2, and QD1 +
QD2 versus laser power (measured before the objective) under the
spectral conditions shown in Fig. 3. The average photon number
in the waveguide vs power is shown with the green axis (after
accounting for coupling losses). (b) Second-order autocorrelation
function measurements of an on-resonant transmitted laser with a
power of 0.5 nW before the objective. The bunching around zero
delay [ g® (0) > 1]for QDI (blue squares), QD2 (red triangles), and
QD1 and QD2 in resonance (black circles) is due to the preferential
transmission of two-photon bound states. The black lines are g® (1)
calculations using parameters obtained from fitting the transmission
spectra in Fig. 3. At high power (2 ©W) above the saturation of the
QDs, the Poissonian statistics of the input coherent laser field results
in g?(0) = 1, shown with green points.

both QD1 and QD2 determined from the measured g (7)
under nonresonant excitation (see Fig. 2), fits to the detuned
QD1 and QD2 spectra in Fig. 3 yield the following parame-
ters: Bopi = 0.14, Bop2 = 0.075, and osp, gp1 = 0.12 GHz,
osp,op2 = 0.065 GHz, where ogp is the broadening due to
spectral diffusion. We use these parameters to calculate the
transmission spectrum for zero detuning between the dots,
and find excellent agreement with the two-dot experimental
data (black points) for the magnitude of the transmission dip,
as shown with the black dashed curve in Fig. 3. Further, the
predicted increase in the width of the transmission dip for two
dots in this model is due to an increased emission rate into the
WG due to superradiance [28], which agrees very well with
the measured linewidth of 0.64 GHz for the resonant dots.
However, while the superradiant emission rate enhancement
does not significantly change the magnitude of the predicted
transmission dip, it does increase the bandwidth. For simplic-
ity, we do not include the Fano effect in this model, but note
that the change in the asymmetric line shape before and after
strain tuning is due to a shift in the WG spectrum caused by
the removal of condensed nitrogen from the PhC membrane
due to laser heating. Including a Fano parameter does not
change the value of the linewidths that are determined.

We next demonstrate the nonlinearity of this system for
individual and collective coherent scattering from QD1 and
QD2. The following experiments were performed under the
spectral conditions shown in Fig. 3. A cw laser was tuned
on-resonance with each transition, and the transmitted power-
dependent behavior is examined, providing a characteristic
measure of saturation nonlinearity. Figure 4(a) plots the depth
of the laser transmission dip for QD1 (blue squares), QD2
(red triangles), and QD1 and QD2 in resonance (black points)
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as a function of on-resonant laser power (measured before the
objective). The average number of photons in the waveguide at
the same time is shown with the green axis, and is determined
from the white light WG transmission spectrum (see the Sup-
plemental Material [23]). In each case, the magnitude of the
transmission dip (1—7/Tj) decreases with increasing laser
power due to saturation of the QDs, and the dots eventually
becomes transparent to the incoming field at high power (>1
1W). This change in transmission intensity versus laser power
is larger for resonant QDs [QD1 + QD2 in Fig. 4(a)] due to the
increased probability of laser light scattering from two dots
compared to one.

Insight into the quantum nature of this nonlinearity is
gained from measuring the photon statistics of the transmitted
laser. Figure 4(b) plots g (t) for detuned individual QDs and
for both QDs in resonance, all with g (r = 0) > 1 bunching,
which originates from a greater probability of two photons
being transmitted through the QDs compared to one photon
[8,9,11]. The two-level QDs act to partially filter out single-
photon states. With the QDs in resonance, the bunching peak
is larger, which is due to a greater probability of filtering sin-
gle photons due to collective scattering. We calculate g (1)
using the input-output formalism developed in Refs. [11,22]
[black lines in Fig. 4(b)] and the parameters obtained from
fitting the transmission spectra shown in Fig. 3 (see the
Supplemental Material [23]). At high power, the QDs are
effectively transparent due to saturation and the transmitted
laser displays Poisson statistics, as shown in Fig. 4(b) for a
laser power of 2 uW. In the Supplemental Material [23], we
show additional examples of collective scattering from QDs
with weaker coupling (lower f) as well as stronger (higher
B) coupling efficiency to WGs. The same general features
are observed, including an enhanced nonlinearity beyond the
performance of the individual QDs, and a nonlinearity down
to the single-photon level is observed for QDs with stronger
coupling to the WG.

Although the distance between dots was different in each
of our examples and was not preselected, an important consid-
eration is whether it has any effect on these experiments. For
example, particular distances can result in cavitylike behavior
with the QDs acting as quantum mirrors, which can produce
a narrow transparency window in the transmission spectrum
[20,28]. However, in addition to requiring near-unity QD-WG
coupling, the spectral diffusion of the QDs used in this work
makes the observation of this effect unlikely. Such observa-
tions may become possible with further advances in precise
positioning of the QDs through site-controlled growth [29]
within PhC membranes as well as the use of QDs with near-
unity WG coupling [30] and transform-limited linewidths
[31]. By extending this technique beyond two QDs and with
somewhat better coupling to the WG, we expect that the
transmission dip can go down much closer to zero, providing
a highly nonlinear element at the single-photon level.

This Letter demonstrates scattering resonant laser light
from pairs of QDs coupled to PhC WGs, an achievement
that opens opportunities for exploring the few-emitter regime
that has been challenging to realize for both solid-state and
atomic systems. This enables a systematic study of multi-
emitter quantum optics and establishes the potential of this
platform for realizing proposals of many-body states of light
[32,33]. The manipulation of quantum optical nonlinearities
that has been made possible with this work has the potential
to impact the creation of single-photon switches and all-
optical deterministic quantum logic gates [3-5], the study of
non-Markovian effects [34], and the formation of subradi-
ant states for long-lived quantum memories [27], and open
possibilities for the study and control of multiphoton dark
states [20].

This work was supported by the U.S. Office of Naval Re-
search. . W. and K.T. are NRC Research Associates at the U.S.
Naval Research Laboratory.
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