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Optical nonlinearities usually appear for large intensities, but discrete transitions allow for giant nonlinearities
operating at the single-photon level. This has been demonstrated in the last decade for a single optical mode with
cold atomic gases, or single two-level systems coupled to light via a tailored photonic environment. Here, we
demonstrate a two-mode giant nonlinearity with a single semiconductor quantum dot (QD) embedded in a photonic
wire antenna. We exploit two detuned optical transitions associated with the exciton-biexciton QD level scheme.
Owing to the broadband waveguide antenna, the two transitions are efficiently interfaced with two free-space
laser beams. The reflection of one laser beam is then controlled by the other beam, with a threshold power as
low as 10 photons per exciton lifetime (1.6 nW). Such a two-color nonlinearity opens appealing perspectives for
the realization of ultralow-power logical gates and optical quantum gates, and could also be implemented in an
integrated photonic circuit based on planar waveguides.

DOI: 10.1103/PhysRevB.97.201106

Whether classical or quantum, optical communication has
proven to be the best approach for long-distance information
distribution. All-optical data processing has therefore raised
much interest in recent years, as it would avoid energy- and
coherence-consuming optics-to-electronics conversion steps
[1]. To enable photon-photon interactions, low-power optical
logic faces the challenge of implementing nonlinear effects
that usually occur at high power. Interestingly, giant optical
nonlinearities, ultimately operating at the single-photon level,
can be achieved via resonant interactions with systems featur-
ing discrete energy levels [2]. While atomic gas [3,4], single
atoms [5–12], and molecules [13,14] have enabled remarkable
achievements, solid-state systems are currently being actively
investigated to realize integrated devices. Similarly to their
atomic counterpart, most solid-state realizations are based on
the concept of a “one-dimensional atom” [15], wherein a single
atomiclike system is predominantly coupled to a single propa-
gating spatial mode. Such a preferential coupling has first been
obtained via a resonant interaction with a microcavity, enabling
the demonstration of single-mode giant nonlinearities [16–24].
However, practical optical computing requires a nonlinear
interaction between two different optical channels, with few
demonstrations up to now [11,12,14,25,26]. In this context,
one-dimensional atoms based on waveguides are particularly
appealing. While they can be operated in the single-mode
regime [27], they also enable nonlinear interactions between
two optical fields having different colors, as proposed in
Refs. [28,29].

*Corresponding author: jean-philippe.poizat@neel.cnrs.fr

In this Rapid Communications, we demonstrate this very
idea with a semiconductor quantum dot (QD) embedded in
a tapered waveguide antenna [Fig. 1(a)]. As proposed in
Ref. [29], we exploit two spectrally detuned QD transitions,
associated with the biexciton-exciton ladderlike level scheme.
Owing to the broadband antenna, both transitions are effi-
ciently interfaced with free-space optical beams. A first laser
beam, resonant with one transition, is used to control the
reflection of a second probe beam, tuned on the other transition.
We explore two different configurations, and discuss their
respective potentials for ultralow-power optical computation
and for photonic quantum computation. Such giant two-color
nonlinearities, which appear for a control power as small as
1 nW, could also be implemented in an integrated photonic
circuit based on planar waveguides.

As shown in Fig. 1(a), the device under consideration
is a vertical GaAs photonic wire antenna which embeds a
self-assembled InAs QD near its base. In such a high-index
waveguide, a large fraction of the QD spontaneous emission is
funneled into the fundamental guided mode [33]. Note that
we exploit here an open waveguide geometry: There is no
bottom mirror and the top facet reflectivity is suppressed by
antireflection coating. In the following, the device is addressed
via the top port which is engineered for efficient out- and
in-coupling. As it propagates along the conical taper towards
the top facet, the fundamental guided mode undergoes a
lateral expansion. The antenna output beam, with a nearly
ideal Gaussian transverse profile, is directive and can be
efficiently collected by free-space optics [34,35]. Reversibly,
focusing a mode-matched Gaussian beam on the top facet of
the photonic wire leads to a large interaction cross section
with the QD. Crucially, the broad operation bandwidth of
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FIG. 1. Sample and setup. (a) A scanning electron microscope
image of the photonic wire antenna is shown on the right. The center
part details the location of the QD at the bottom of the wire. The
waveguide, with a local diameter of 500 nm, ensures an efficient
coupling of the QD spontaneous emission to the fundamental guided
mode. The empty QD (0), the excitonic (Xy), and biexcitonic (XX)
states form a nondegenerate three-level ladder scheme as represented
on the left. The two transitions are addressed by two different lasers.
(b) Experimental setup. Two tunable continuous-wave lasers excite
the QD transitions. The lasers are spatially filtered with a pinhole
located at the focal point of a lens and focused on the device with
a microscope objective. A confocal detection with a pinhole selects
only the light coming out of the photonic wire. An extra nonresonant
(NR) laser is used for photoluminescence spectroscopy, and as a
“quietening laser” during the experiments [30,31]. A polarizing beam
splitter (PBS) is used for a cross-polarized detection scheme. (c)
The lasers are linearly polarized at an angle α = 27◦ with respect
to the QD dipoles of interest. The detection is performed along the
polarization orthogonal to the laser polarization. Wave plates in front
of the objective ensure a precise control of the laser polarization [32].

the antenna enables an efficient interfacing of several detuned
optical transitions hosted by the QD.

The device is attached to the cold finger of a liquid
helium cryostat (T = 6 K) with an optical access. As shown in
Fig. 1(b), excitation laser beams are focused on the top facet of
the antenna with a microscope objective (numerical aperture
0.4). The same objective is used to collect the QD emission,
which is then sent to a grating spectrometer equipped with a
CCD camera for spectral analysis (spectral resolution 12 μeV).

We focus on an individual, spectrally isolated QD, which is
first characterized by performing standard photoluminescence
measurements. Using nonresonant laser excitation, we identify
the transitions associated with the recombination of the neutral
exciton (X) and biexciton (XX). The corresponding transition
energies, around 1.36 eV, are separated by 0.6 meV. We
have measured lifetimes of 1.4 ns (0.7 ns) for the excitonic
(biexcitonic) level. Owing to the nonperfect QD circular
symmetry, the excitonic level features a fine structure splitting
of 25 μeV. The two bright excitons, denoted Xx and Xy ,
feature two orthogonal linear optical dipoles oriented along the
crystallographic axis x = [110] and y = [11̄0] of GaAs [36].

In the following, we drive resonantly the 0 ↔ Xy (“0”
is the QD ground state) and Xy ↔ XX transitions with two
continuous-wave external grating diode lasers. We employ a
cross-polarization scheme for excitation and detection [32].
Specifically, the two excitation lasers feature a linear po-
larization, oriented with an angle α = 27◦ with respect to
the y-optical dipole [see Fig. 1(c)]. Owing to a polarizing
beam splitter, we collect on the detection path the light with
a polarization perpendicular to the one of the lasers. Laser
parasitic reflections are then suppressed by a factor of 10−4,
while a large fraction of the QD signal is detected by our
setup. We investigate in this work a cross nonlinear effect
which is revealed by measuring the reflectivity of one of the
laser beams (probe beam) as a function of the intensity of the
other one (control beam). We discuss below the two scenarios
corresponding to the control laser being tuned either around
the upper or the lower transition of the three-level scheme. In
our experiments, the main qualitative effects are explained by
considering the three-level ladder formed by 0, Xy , and XX.
However, as discussed in the Supplemental Material [30], full
quantitative modeling [37,38] requires the inclusion of both
excitonic levels.

We first consider the case in which the control (probe) laser
is tuned on the lower (upper) transition (see Fig. 2). We will
refer to this configuration as the “population switch,” since
the physics at work in this situation is the control of the Xy

state population by the control laser. When the latter is off
[Fig. 2(a)], both Xy and XX states are empty so that the probe
laser beam sees a transparent medium and is totally transmitted.
As the control laser intensity is increased towards saturation
of the lower transition, the Xy state becomes populated
and the probe beam experiences a dipole-induced reflection
[Fig. 2(b)].

This population switch mechanism is evidenced in Fig. 2(c),
which shows the probe laser reflectivity as a function of the
control laser power. The switching threshold is only 1.6 nW
or 10 photons/lifetime. Here, “lifetime” refers to the QD
excitonic lifetime, whose measured value is 1.4 ns. The probe
reflectivity reaches a maximum for a control laser power as
low as 16 nW (100 photons/lifetime). Increasing further the
control laser power leads to an Autler-Townes splitting [39–42]
of the intermediate state, which brings the probe beam out of
resonance and reduces its reflectivity [Fig. 2(c)].

This experimental behavior is well fitted with our model
over four orders of magnitude of control laser power, for two
different probe powers (see Fig. 2(c) and Supplemental Mate-
rial [30]). The values of the reflectivity R and the switching
power Ps are presently limited by imperfections of our system,
and are fully accounted for by our model. The parameters
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FIG. 2. Population switch. The control (probe) laser is tuned around the lower (upper) transition. (a) When the control laser is off, the probe
laser beam sees empty levels and is transmitted. (b) When the control laser is on, the excitonic state is populated so that the probe laser beam is
reflected. (c) Probe reflectivity as a function of the control laser power, for a probe laser power of 0.5 nW (solid squares) and of 2.6 nW (open
circles). This corresponds respectively to 0.1 and 0.5 of the saturation power. The solid and dashed lines are fits using our theoretical model
with parameters that have also been used for the fitting of the data presented in Fig. 3.

that are affecting the performances are the fraction ε of input
light coupled to the QD, and the linewidth broadening. The
quantity ε is the product of the mode matching efficiency, the
taper modal efficiency, and the waveguide coupling efficiency
β. From the global fitting of our experimental results, we
extract ε = 0.26 ± 0.01, which is in line with a Fourier
modal method calculation [43] based on the sample geometry.
Here, ε is essentially limited by the β factor: The waveguide
diameter (500 nm) is two times larger than the one offering
an optimal transverse confinement. In our experiment, the
measured linewidth � is broadened to � = 10γ , where γ

is the lifetime-limited linewidth. This broadening is shared
between the homogeneous origin due to pure dephasing, and
the inhomogeneous origin caused by spectral diffusion [30].

With ideal parameters (ε = 1 and � = γ ), losses are van-
ishing, so that all input light is used to saturate the QD,
and the cross-polarized detection scheme can be removed by
aligning the laser polarizations to the exciton dipole direction
and detecting the reflected light along this polarization as well.
In this case, based on our theoretical model, we find that the
switching power can be as low as P (0)

s = 0.1 photons/lifetime
but that the maximum reflectivity can never exceed R(0) = 0.1.
This limitation comes from the partial population of the Xy

state at low control powers and the Autler-Townes induced
probe laser detuning for higher control powers (see below). It
is also due to the population leaks caused by the presence of
the other fine structure split level Xx , which is populated via
spontaneous emission from the biexcitonic (XX) state [30].

To overcome this fundamental limitation, we explore an-
other switch mechanism in which the control (probe) laser
is tuned on the upper (lower) transition (see Fig. 3). The
physical effect here is the dressing of the upper transition
by the control laser when it is well above saturation. In the
absence of the control laser [Fig. 3(a)], the weak probe beam
(below saturation) is reflected when on resonance with the
lower transition [16]. When the control laser is turned on
above saturation [Figs. 3(b) and 3(c)], the Xy state splits into
two dressed states, as a result of the Autler-Townes effect
[39–42]. The probe beam is then no longer resonant and its
reflection switched off. In this “Autler-Townes” configuration,

the switching threshold is found to be around 200 nW [cf.
Fig. 3(d)]. Note that, owing to the population of the other
fine structure split excitonic level by the control laser via the
relaxation of the XX state, the reflectivity exhibits a local
maximum for nonvanishing control power (see Ref. [30] for
details). The Autler-Townes splitting effect is well evidenced in
Figs. 3(e)–3(g), exhibiting the typical anticrossing of the probe
laser reflectivity as a function of the two laser detunings. Using
the same set of parameters for all the data presented in this
work, our theoretical model is able to quantitatively reproduce
all the experimental results (Figs. 2 and 3).

Interestingly, and contrary to the population switch
configuration, the Autler-Townes configuration potentially
shows perfect performances (i.e., R(0) = 1, P (0)

s = 1
photons/lifetime) with ideal parameters (ε = 1 and � = γ ) in
the copolarized setting. Moreover, our theoretical model indi-
cates that, in this case, the reflectivity is almost fully coherent,
which is a key feature in the perspective of the realization of
quantum logical gates [30]. For these two reasons, the Autler-
Townes configuration is the better choice for a logical gate
in both classical and quantum contexts with state-of-the-art
devices allowing copolarized operation, as discussed below.

Using models developed by some of us in Ref. [24], we
have also theoretically investigated the pulsed situation for
both configurations. We have found that the pulsed regime
leads to similar performances for the reflectivity switching
threshold and our model predicts a pulse bandwidth of a few
10 MHz, set by the QD lifetime.

Let us mention that combining state-of-the-art optical cou-
pling with a narrow line QD would allow us to come rather
close to these ideal parameters and to implement an efficient
ultralow-power all-optical switch. Optical couplings as high
as ε = 0.75 have already been reported in slightly narrower
waveguides and expected values for optimized designs are
as high as ε = 0.95 [34]. Additionally, close to lifetime-
limited linewidths (i.e., � ≈ γ ) have been obtained recently
by applying a voltage bias across the QD [44,45]. Suitable
electrical contacts can be implemented on our photonic wire,
without degrading the optical properties, using the designs
proposed by some of us in Ref. [46].
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FIG. 3. Switch in the Autler-Townes configuration. The control (probe) laser is tuned on the upper (lower) transition. (a) When the control
laser is off, the probe is reflected. (b) When the control laser is on, it splits the Xy state, so that the probe is no longer on resonance, and therefore
transmitted. (c) Probe reflectivity as a function of its detuning for different control laser powers, and a zero control laser detuning. The solid
lines are fits using an individual line profile with the line position as a free parameter. The thinner line is the sum of the individual lines. We
have checked that the splitting scales as the square root of the control laser power (data not shown). (d) Probe reflectivity as a function of the
control laser power. The probe laser power is 1 nW. The solid line is the result given by our theoretical model. (e) Position of the Autler-Townes
doublet as the control laser is scanned across the upper transition. (f) Experimental [30] and (g) theoretical reflectivity of the probe laser beam
as a function of probe and control laser detunings. The probe (control) laser power is 1 nW (274 nW). The theoretical fits are all made with the
same set of parameters as in Fig. 2(c).

In conclusion, we have experimentally demonstrated a
giant two-mode cross nonlinearity between two different laser
beams in a semiconductor QD embedded in a photonic wire.
This nonlinearity appears at an optical power as low as 10 pho-
tons per emitter lifetime. We have identified the Autler-Townes
configuration as a promising configuration for the realization
of classical, as well as quantum, ultralow-power logical gates.
Importantly, our results can be readily transferred to planar
GaAs photonic chips based on photonic crystal geometries [27]
or ridge waveguides [47,48], and therefore offer interesting
perspectives for on-chip photonic computation.
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