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Giant optical nonlinearity is observed under both continuous wave and pulsed excitation in a

deterministically coupled quantum dot-micropillar system, in a pronounced strong-coupling regime.

Using absolute reflectivity measurements we determine the critical intracavity photon number as well

as the input and output coupling efficiencies of the device. Thanks to a near-unity input-coupling

efficiency, we demonstrate a record nonlinearity threshold of only 8 incident photons per pulse. The

output-coupling efficiency is found to strongly influence this nonlinearity threshold. We show how the

fundamental limit of single-photon nonlinearity can be attained in realistic devices, which would provide

an effective interaction between two coincident single-photons.
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A single quantum emitter is an extremely nonlinear
optical medium, where the interaction with a first single-
photon modifies the transmission probability for a second
photon [1]. Along with various applications, such as the
generation of nonclassical light [2] or the nondestructive
measurement of photon number [3], this fundamental prop-
erty has led to the proposal of single-photon switches [4,5]:
a gate single-photon switches off the single emitter optical
response, and prevents or allows the transmission of a
signal photon. The main difficulty to implement a single-
photon switch is to ensure that the gate single-photon
will interact with the quantum emitter with a close to unity
probability. To ensure this optimal coupling, one can
couple the quantum emitter to an optical microcavity
mode [6], provided that this mode allows an optimal ex-
ternal matching with the incident photons. When the emit-
ter is in the strong-coupling regime with the cavity mode,
this also allows fast switching times to be obtained,
governed by the photon lifetime in the cavity.

Semiconductor quantum dots (QDs) in microcavities
constitute promising systems to develop single-photon
optical switches. They provide large coupling strengths
allowing ultrafast operation, and are compatible with a
practical implementation in a solid-state device. Recent-
ly, resonant spectroscopy on coupled QD-cavity devices, in
the form of photonic crystals [7–11] or microdisks [12,13],
has demonstrated saturation of the QD emission and fast
optical switching. These works all concluded that optical
nonlinearity is obtained when close to unity photon num-
bers are reached inside the cavity. However, hundreds of
incident photons were required to obtain a single intra-
cavity photon. Distinguishing between the intracavity pho-
ton number and the number of incident photons per pulse
is crucial for future quantum applications. Indeed, provid-
ing a nonlinearity at the level of single incident photons
would open the way for a large number of developments
in the field of quantum information [14]. The effective

interaction between two coincident photons could be
used for direct single-photon routing [15,16] or for more
sophisticated protocols intended to manipulate the quan-
tum phase [17] or the polarization state [18] of single-
photon pulses. In this respect QD-micropillar systems
[19–22] are very promising candidates as they allow an ex-
ternally mode-matched operation with high input and
output coupling efficiencies.
In this Letter, we report on the observation of optical

nonlinearity in a QD-micropillar system with a few inci-
dent photons per optical pulse. Continuous wave (CW) and
pulsed reflectivity measurements are performed and allow
us to extract all the coupling parameters. A near-unity
input-coupling efficiency is obtained. We characterize both
the internal and external photon numbers and demonstrate,
using short-pulse excitation, a record nonlinearity thresh-
old at 8 incident photons per pulse. Combined experimen-
tal and theoretical studies show that the output-coupling
efficiency is a crucial parameter to lower the nonlinearity
threshold. We anticipate that a nonlinear interaction
between two coincident single-photon pulses can be ob-
tained for realistic devices with a near-unity output-
coupling efficiency.
The sample under study has been grown by molecular

beam epitaxy on a GaAs substrate. Two distributed
Bragg reflectors, consisting in alternating �=4 layers of
Ga0:9Al0:1As and Ga0:05Al0:95As, surround a GaAs � cav-
ity. The bottom and top Bragg mirrors are constituted by 36
and 32 pairs, respectively, so that they have equal reflec-
tivities: this is the best configuration to explore the optical
nonlinearity with intensity measurements. On the contrary,
a single-sided cavity, corresponding to very different re-
flectivities for the Bragg mirrors, would be best adapted
to implement nonlinear optical gates based on phase-
shift measurements [21]. The GaAs cavity embeds a layer
of self-assembled InGaAs QDs, and the number of QDs
emitting at the planar cavity mode energy has been

PRL 109, 166806 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

19 OCTOBER 2012

0031-9007=12=109(16)=166806(5) 166806-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.109.166806


strongly reduced by shifting the dot energy distribution
using rapid thermal annealing. The lateral confinement is
obtained by inductively coupled plasma etching, leading to
a micropillar with a diameter of 2:1 �m. Spatial and
spectral matching between the cavity mode and a selected
QD transition have been achieved thanks to the in situ
lithography technique [23]: the resulting device is in the
strong-coupling regime, as shown using photolumines-
cence measurements on the same sample in Ref. [24].

Figure 1(a) presents a scheme of the QD-micropillar
system and of the physical parameters governing the
device properties: g is the QD-mode coupling strength
related to the vacuum Rabi splitting, � the intensity damp-
ing rate of the cavity, and �? the QD dephasing rate. The
top and bottom Bragg mirrors have the same reflectivity
and thus the same damping rate �m. The total cavity damp-
ing rate is given by the sum � ¼ 2�m þ �s, with �s the
side-leakage damping rate induced by the micropillar side-
wall roughness. The output coupling efficiency �out is
defined as the probability that a photon in the mode will
leave the cavity by one of the desired channels (top or

bottom mirror), so that �out ¼ 2�m

� .

A complete description of the system requires the dis-
tinction between the QD dephasing rate �? and the inco-
herent exciton decay rate �k, �? and �k being standard

notations in cavity quantum electrodynamics (QED) [25].
The incoherent decay rate �k corresponds to either exciton
nonradiative decay or spontaneous emission into other
modes than the cavity fundamental mode, both effects
leading to a population decay with a loss of information
in the environment. This incoherent decay rate �k gives the
lifetime-limited contribution to the QD dephasing rate,
through �? ¼ �k

2 þ ��. The second contribution �� corre-
sponds to pure dephasing processes affecting the exciton
coherence without changing its lifetime. With these nota-
tions the dynamics of the QD-cavity system is governed
by two dimensionless quantities which are well known in
atom cavity QED [25,26],

nc ¼ �k�?
4g2

and C ¼ g2

��?
: (1)

The first one is the critical intracavity photon number, i.e.,
the intracavity photon number at which the nonlinear
behavior becomes significant. The second one is the coop-
erativity parameter which measures the amplitude of the
quantum effects that a single two-level system induces
inside an optical cavity [25].

The experimental setup is sketched in Fig. 1(b). The
sample is placed inside a helium vapor cryostat, altogether
with a focusing lens; the sample position is controlled with
nanopositioners inside the cryostat. A CW or pulsed laser
is injected into and reflected from the micropillar with a
finely tunable photon energy @! (@ ¼ 1 units are used in
the following). 50=50 nonpolarizing beam splitters are
used to split the incident and reflected beams: the incident

power is measured with a first avalanche photodiode, a
second one being used to measure the reflected power.
Both photodiodes are connected to a lock-in amplifier,
ensuring measurements with a high signal-to-noise ratio.
A wavelength meter monitors the excitation energy, mak-
ing up for any drift or mode hop of the laser. The input-
coupling efficiency �in is defined as the probability that an
incoming photon focused on themicropillar will be coupled
to the cavity mode. A near-unity input-coupling efficiency
is expected thanks to the very good overlap between the
mode and the incident optical beam, as was demonstrated in
previous works using the same setup [20,22].
Every reflection-transmission coefficient has been

characterized, which allows us to deduce within a 5%
accuracy the absolute values of the incident and reflected
powers, and to distinguish the contribution of interest
(power reflected by the micropillar due to light coupled
into the optical mode) from the residual contribution due to
uncoupled reflected light (see Supplemental Material [26]).
The effects of the input and output coupling efficiencies
can be separated, which in turn allows the deduction of
the intracavity photon number from the measured optical
powers.
When the sample temperature is increased, the bare QD

energy !QD and the bare cavity mode energy !c shift with

different temperature dependences: this property is used to
continuously vary the QD-cavity detuning [20]. Figure 2(a)
shows an experimental map of the reflectivity measured as
a function of both temperature and photon energy!, where
the darker areas correspond to lower reflectivities. A low
incident power P0 ¼ 1:1 nW has been used to avoid

FIG. 1 (color online). (a) Diagram of the QD-cavity device and
corresponding physical quantities. (b) Experimental setup.
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the saturation of the QD transition. The system is in a
pronounced strong-coupling regime: in such a case the
low-reflectivity dips directly evidence the temperature de-
pendence of the two coupled exciton-photon eigenstates,
and their anticrossing when the device temperature is tuned
[20]. Figure 2(b) presents a reflectivity spectrum measured
at a fixed temperature T ¼ 34:8 Kwhere the asymmetrical
shape arises from the unequal excitonic and photonic parts
for the exciton-photon eigenstates. Figure 2(c) presents the
reflectivity spectrum measured at the resonance tempera-
ture T ¼ 35:9 K, where the exciton-photon eigenstates
have equal excitonic and photonic parts. When the device
is tuned across the resonance the lower-energy eigenstate
(respectively, higher-energy eigenstate) evolves from cav-
itylike to QD-like (respectively, QD-like to cavitylike)
behavior, in agreement with the Jaynes-Cummings model
of cavity QED.

Figures 3(a)–3(f) display six spectra measured at a fixed
temperature T ¼ 35:9 K for increasing values of the
CW incident power P0. A continuous transition is observed
between the low-power regime with two reflectivity dips
and the high-power regime with a single Lorentzian dip
[20]. Numerical fits are obtained by comparing the mea-
sured reflected powers for the six spectra with the predic-
tions of cavity QED, with a single set of device parameters.
The extracted cavity damping rate is � ¼ 45 �eV corre-
sponding to a fairly high quality factor Q ¼ !C

� ¼ 29 000.

The QD-cavity coupling strength is g ¼ 33 �eV, and the
figure of merit for the strong-coupling regime is 4g=� ¼
2:9. A QD dephasing rate �? ¼ 10 �eV is also extracted,

corresponding to a cooperativity parameter C¼ g2

��?
¼2:5;

this is twice higher than previous record values obtained in
QD-micropillar systems [19–21].
The fits presented in Figs. 3(a)–3(f) are obtained for an

input coupling efficiency �in ¼ 0:95, consistent with the
previously reported values [20,22], an output coupling
efficiency �out ¼ 0:16, and a critical photon number nc ¼
0:035. The output coupling efficiency corresponds to a
mirror damping rate �m ¼ 3:6 �eV for each mirror and
thus to a planar quality factor Q0 ¼ !C

2�m
¼ 190 000. As for

the critical photon number nc ¼ �k�?
4g2

, it corresponds to
�k
2 ¼ 7:5 �eV and thus �� ¼ 2:5 �eV. We point out that

g, �, and �? can be directly deduced from low-power
measurements only [19–21], but that the precise determi-
nation of �in, �out, and nc requires a specific fitting
procedure taking into account the complete set of experi-
mental data (See Supplemental Material [26]).

FIG. 3 (color online). (a)–(f) Reflectivity spectra at T ¼
35:9 K for various incident powers P0. Black dots: experimental
points. Red solid lines: theoretical predictions. (g) [respectively,
(h)] Reflectivity at resonance as a function of P0 (respectively,
n). Black dots with error bars: experimental points. Blue dotted
lines: theoretical predictions. Red straight lines: guides to the
eyes for the nonlinearity threshold.

FIG. 2 (color online). (a) Low-power reflectivity measurement
as a function of photon energy and temperature. (b) Reflectivity
spectrum at T ¼ 34:8 K. (c) Reflectivity spectrum at T ¼
35:9 K. The reflectivity spectra are normalized to unity far
from resonance.
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While the pure dephasing rate �� is typical to QD-cavity
experiments in a range of temperature around 35 K, the
incoherent decay rate �k corresponds to an unexpectedly

short lifetime of 45 ps. This is an order of magnitude lower
than the lifetime expected for spontaneous emission into
free-space optical modes (around 700 ps). The surprisingly
large value of �k probably results from a combination of

various contributions, such as nonradiative processes [27]
and Purcell-accelerated, phonon-assisted emission of pho-
tons into other cavity modes [28–30]. We stress that it is
simply not possible to fit our experimental data with a low
value of �k (See Supplemental Material [26]). This decay

rate is themain parameterwhich can be improved to increase
the cooperativity and decrease the critical photon number.

With the knowledge of the coupling efficiencies, it
becomes possible to extract the intracavity photon number
directly from the measured reflectivity (See Supplemental
Material [26]). The values of the mean intracavity photon
number n, as measured from the reflectivity spectra at
resonance, are indicated in Figs. 3(a)–3(f): the nonlinear
behavior appears at an intracavity photon number much
lower than unity. Figure 3(g) [respectively, Fig. 3(h)]
presents the values of the measured reflectivities at reso-
nance, as a function of the incident power P0 (respectively,
intracavity photon number n), together with the numerical
predictions obtained with the above mentioned set of
parameters. We stress that there is a nonlinear relation
between P0 and n: a factor of 3 increase in P0 can lead
to a factor of 10 increase in the intracavity photon number
n. A nonlinear feedback is indeed present, due to the fact
that the intracavity photon number governs the reflection
coefficient, which in turn governs the mode ability to
accept new intracavity photons. The amplitude of this
effect is directly related to the high value of the coopera-
tivity C, which implies a high contrast between the low-
power and high-power reflectivities.

With these data, it is possible to define the threshold of
the optical nonlinearity, by tracing the tangent to the re-
flectivity curve at its inflexion point (where the nonlinear-
ity is the most efficient) and taking its intersection with the
low-power plateau. This nonlinearity threshold is obtained
at n � 0:03, close to the value of the critical photon
number nc. It means that, in principle, nonlinear all-optical
switching can be performed with single-photon pulses: this
is the final goal of several recent works using QD-cavity
systems [9–11]. However, even if the intracavity photon
number n is the relevant parameter governing the photon-
photon interaction inside the cavity, the important quantity
for practical applications is the number of incident photons
per pulse in front of the focusing lens, N. The relation
between N and n depends in a nontrivial way on the
characteristics of the device, experimental setup, and pulse
optical properties.

To determine precisely the nonlinearity threshold
in terms of N, reflectivity measurements have been

implemented under pulsed excitation while controlling
the number of photons per pulse incident on the cavity.
We used optical pulses with a 80 MHz repetition rate and a
pulse width�t ¼ 34 ps, of the order of the photon lifetime
in the cavity. The photon energy ! is tuned at resonance
with both !c and !QD, and the optical alignment and thus

the input-coupling efficiency are left unchanged. The mea-
sured reflectivity is plotted in Fig. 4(a) as a function of N,
together with the prediction of cavity QED using the
above-mentioned device parameters. Following the same
procedure as in Fig. 3(h) a nonlinear threshold of only
8 incident photons per pulse is obtained, which is more
than one order of magnitude lower than the recent values
reported in QD-photonic crystal systems [9–11]. Here, this
ultralow nonlinearity threshold is obtained thanks to a
near-unity input-coupling efficiency. The fact that this
threshold is still very different from the critical photon
number nc ¼ 0:035 illustrates how crucial it is to distin-
guish between n and N when working on the development
of single-photon nonlinear devices.
In the perspective of further decreasing the nonlinearity

threshold, we present in Fig. 4(b) numerical simulations
showing that the output coupling efficiency �out ¼ 0:16 is
the main limiting parameter. In this figure, the expected
reflectivity is plotted as a function of N with all device and
pulse parameters being kept constant, except the ratio �m

�s

and thus the output coupling efficiency �out. We find that
the nonlinearity threshold is strongly influenced by this
parameter, to the point that a factor of 6 increase in �m, and
thus �out, decreases the expected threshold by a factor
of 30. This nonlinear dependence is related to the fact
that �m plays a role both in the injection of photons inside
the cavity and in the collection of photons from the
cavity mode. We stress that at near-unity output-coupling

FIG. 4 (color online). (a) Reflectivity measurement under
pulsed excitation as a function of the number of incident
photons per pulse N. Black dots with error bars: experimental
points. Blue dotted line: theoretical prediction. Red straight
lines: guides to the eyes for the nonlinearity threshold.
(b) Calculated reflectivity as a function of N for various output
coupling efficiencies �out. Dotted lines: theoretical predictions.
Red straight lines: guides to the eyes for the nonlinearity
thresholds.
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efficiency a nonlinearity threshold lower than 1 can be
obtained, so that for N ¼ 1 incident photon per pulse
the system will be precisely in the region of highest
nonlinearity.

To conclude, we have realized a deterministically-
coupled QD-micropillar system which behaves as a highly
nonlinear medium when excited by few-photon optical
pulses. Absolute reflectivity measurements have allowed
a complete study of the giant optical nonlinearity and of the
physical properties of the system. Thanks to the low critical
photon number nc � 0:035, and to the near-unity input-
coupling efficiency �in � 0:95, we obtained a record non-
linearity threshold of only 8 incident photons per pulse,
measured in front of the focusing lens. This value, which
constitutes the meaningful figure of merit, is the lowest
ever reported. Several roads can be envisioned to improve
the output coupling efficiency, and thus the nonlinearity
threshold, including increasing the pillar diameter and/or
designing adiabatic cavities for which the quality factor is
more robust to micropillar sidewall imperfections [31].
The next crucial step, at the interface between nonlinear
optics and quantum information, would be to provide a
nonlinear interaction between two coincident single-
photon pulses. This fundamental goal can be attained in
realistic devices, through the development of strongly-
coupled QD-micropillar systems with a near-unity output-
coupling efficiency.
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[6] A. Auffèves-Garnier, C. Simon, J.-M. Gérard, and J.-P.
Poizat, Phys. Rev. A 75, 053823 (2007).

[7] D. Englund, A. Faraon, I. Fushman, N. Stoltz, P. Petroff,
and J. Vuckovic, Nature (London) 450, 857 (2007).

[8] A. Reinhard, T. Volz, M. Winger, A. Badolato, K. J.
Hennessy, E. L. Hu, and A. Imamoglu, Nature Photon. 6,
93 (2011).

[9] D. Englund, A. Majumdar, M. Bajcsy, A. Faraon, P.
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