PRL 108, 093604 (2012)

PHYSICAL REVIEW LETTERS

week ending
2 MARCH 2012
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We study dynamics of the interaction between two weak light beams mediated by a strongly coupled
quantum dot–photonic crystal cavity system. First, we perform all-optical switching of a weak
continuous-wave signal with a pulsed control beam, and then perform switching between two weak
pulsed beams (40 ps pulses). Our results show that the quantum dot–nanocavity system enables fast,
controllable optical switching at the single-photon level.
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Techniques enabling efficient interactions between
single photons and quantum emitters are fundamental to
the field of quantum optics. At the same time, optical
nonlinearities at a single-photon level may enable ultralow
power and high-speed all-optical gates and switches for
classical optical information processing [1,2]. Recent experiments have shown that the necessary nonlinearity may
be realized using atomic gases in the slow light regime [3]
or solid-state systems consisting of a single quantum dot
(QD) strongly coupled to a nanocavity [4–6]. To estimate
the speed of such switching in the solid-state approach, we
describe here the time-resolved dynamics of light interacting with the QD-cavity system. We first study the interaction of a weak continuous-wave signal and a pulsed
control, and then the interaction of two weak (40 ps) laser
pulses.
The experiment is performed using a QD strongly
coupled to three-hole (L3) photonic crystal (PC) cavity
[7], superposed with a grating to increase the emission
directionality [8] [see Fig. 1(a)]. The cavity was fabricated
in a 160 nm thick membrane containing a central layer of
self-assembled InAs QDs with a density of 50=m2 and
an inhomogeneously distributed emission at 925  15 nm.
The eigenfrequencies ! of a system consisting of a
cavity and a coupled QD are
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Here, the system is modeled with a Jaynes-Cummings
Hamiltonian, where !r and !d are the cavity and QD
resonance frequencies, respectively,  and  are the cavity
field decay rate, and QD dipole decay rate, g denotes the
coherent interaction strength between the QD and the
cavity field, and  ¼ !d  !r is the QD-cavity detuning.
The parameters of the emitter-cavity system used in the
experiment [obtained by fitting the spectrum of coupled
QD-cavity system at resonance as shown in Fig. 1(d)] are
0031-9007=12=108(9)=093604(4)

g=2 ¼ 25 GHz and =2 ¼ 27 GHz. The spectrum of
the coupled QD-cavity system does not depend strongly on
the QD dipole decay rate , as it is much smaller compared
to g and . However, this parameter is estimated from the
time-resolved measurements of the uncoupled QD emission and from QD linewidth measurements in off-resonant
dot-cavity coupling [9] to be equal to =2  1 GHz. For
these parameters, the expression under square root in
Eq. (1) is positive for  ¼ 0, implying that the system is
in the strong coupling regime of the cavity quantum electrodynamics (QED).
We characterize the system in a cross-polarized confocal
microscope setup in a He flow cryostat [Fig. 1(b)]. The
photoluminescence (PL) scans in Fig. 1(c) show the anticrossing between the QD-like states and the cavitylike
states as the temperature is raised from 36 to 42 K, giving
the polariton energies given by Eq. (1). The cavity transmission, obtained using a broadband light source at
930  20 nm in the cross-polarized configuration [4]
shown in Fig. 1(b), shows the same mode splitting in
Fig. 1(d). We also characterize the system by time-resolved
photoluminescence after the QD is quasiresonantly excited
with 3.5 ps pulses at 878 nm. As shown in Fig. 1(e), the PL
decays with a characteristic time of 17 ps, as measured
using a streak camera with 3 ps timing resolution. This
decay closely matches a theoretical model of the cavity
field and coupled QD system, as described in the
Supplemental Material [10]. Very weak above-band laser
power (1 nW measured before the objective lens) is used in
this measurement, in order to avoid the generation of
multiexcitonic complexes which may affect the measured
lifetime [11].
The coupled QD-cavity system enables a strong interaction between two weak laser fields. This was previously
demonstrated for two slightly frequency detuned
continuous-wave (CW) beams [6]. However, for practical
applications of this effect, it is important to demonstrate
such interaction with ultrafast optical pulses. Moreover, for
practical applications it is critical that signal and control
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beams are at the same frequency, in order to enable cascading of the switches [12]. In both experiments presented
below we used signal and control beams of the same
frequency. (In the Supplemental Material [10], we present
switching results for slightly detuned CW and pulsed
beams). We first study the time-resolved dynamics of this
interaction between CW ‘‘signal’’ and pulsed ‘‘control’’
beams, both within the linewidth of the cavity resonance.
In the experiment, with the QD resonant with the cavity
and the control and signal beams tuned to the bottom of the
transmission dip [shown in Fig. 1(d)], we measure the
time-resolved transmission of the control TðcÞ, the signal
TðsÞ, and the signal and control Tðs þ cÞ on the streak
camera. The system temperature is set to 30 K for this
experiment. This measurement was taken on the same
system from Fig. 1, but on a different day when the
QD cavity became resonant at lower temperature than in
Fig. 1(c).
We first set the signal and control fields resonant with the
tuned QD-cavity system and attenuate the power so that the
average intracavity photon number is nearly zero; this
corresponds to 12 nW for the CW beam and 0:2 nW
average power for the pulsed control (40 ps pulses, 13 ns

repetition period), both measured before the objective lens.
Considering a coupling efficiency into the cavity of
  3% [4], this corresponds to an average intracavity
photon number of hay ai  0:005 for the CW signal beam
and up to 0.025 (per pulse) for the pulsed control beam.
Here the intracavity photon number is estimated as
Pin =ð2@!r Þ for the CW beam, where Pin is the average
input power measured before the objective lens [4]. For a
pulsed beam this expression is multiplied by a factor 325,
corresponding to the ratio between the repetition period
and the pulse duration. In the following figures hay ai
corresponds to the instantaneous cavity photon number.
Figure 2(a), panel 1, plots the curves TðcÞ, TðsÞ,
Tðs þ cÞ, as well as the difference T ¼ Tðc þ sÞ 
TðcÞ  TðsÞ, which provides a measure of the nonlinear
response of the system. Measurements for two additional
sets of curves with higher powers in signal (168 nW and
240 nW, respectively) and control (1.6 and 3.8 nW,
respectively), are shown in panels 2 and 3 of Fig. 2(a).
We observe that the difference T increases with increasing laser power, as the QD is driven closer to saturation. We
note that, for the three sets of data, the collection efficiency
and integration time of collection are different, due to

(b)

(a)

c

e

s

PBS
1400

(d)

0.2

(e)

1000

15

39

10

600

simulation
g/2 =25GHz

experiment
exp(-t/17ps)
t~17ps

5

36
919.5

0

200
920

920.5

921

921.5

919

920

921

0

20

40

60

cavity photon number

20
PL counts/s

(c)
42

0.15
0.1
0.05

80

922

FIG. 1 (color online). (a) Scanning electron micrograph of the photonic crystal cavity. (b) In the experiment, a combination of pulsed
control laser (frequency !c ), nonresonant pulsed or continuous-wave pump laser at !e above the QD exciton line, and pulsed or
continuous-wave signal laser (!s ) is employed. The cavity is backed by a distributed Bragg reflector, effectively creating a singlesided cavity [4]. A cross-polarized confocal microscope configuration reduces the laser background that is reflected from the sample
without coupling to the cavity, which is polarized at 45 to the incident laser polarization. The measurement is effectively a
transmission measurement from the horizontal (H) into the vertical (V) polarization. (c) Anticrossing observed in the PL as the QD
single exciton (X) is temperature tuned through the cavity. The QD is pumped through higher-order excited states by optical excitation
at !e corresponding to a wavelength of e ¼ 878 nm. (d) The transmitted intensity of a broadband light source (in the cross-polarized
setup) shows the mode splitting of the strongly coupled QD-cavity system (this signal is resolved on a spectrometer). (e) PL lifetime
17 ps when the QD is tuned into the cavity and pulsed excitation is at wavelength e ¼ 878 nm. The emission that is expected
theoretically, based on the system parameters in (d) and a 10-ps relaxation time into the single exciton state, is shown in the solid line.
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setup of Fig. 3(a). The pulses are therefore at the same
frequency, but to eliminate interference between the two
pulses, we detune them by 40 MHz and average measurement over many pulse pairs (this detuning is very small
compared to the pulse bandwidth). Same as in the experiments in Fig. 2, numerical integration of the master equation predicts an increased transmission when both pulses
are simultaneously coupled to the cavity. This is shown for
a particular choice of powers in Fig. 3(b).

Cavity Transmission (arb .unit)

mechanical instability of the system. A stochastic simulation of the quantum master equation (see the Supplemental
Material [10]) yields the cavity transmission, which
is proportional to the intracavity photon numbers nðcÞ,
nðc þ sÞ, and nðsÞ, as well as the nonlinear signal n, all
plotted in Fig. 2(b) and showing good agreement with the
experiment in Fig. 2(a). In fitting the data, the intensities of
the pulsed and CW beams were not free parameters, but
were fixed by the experimentally measured optical powers,
using the same coupling efficiency . We note that in these
simulations we did not include the effect of pure QD
dephasing [13], as the role of these particular simulations
is to just qualitatively show the expected system dynamics.
However, we do include the effect of dephasing in the
simulations of the actual optical switching between two
pulses described below. As previously reported [14], dephasing reduces the switching contrast, which can be alleviated by performing the experiment at lower temperature.
Finally, we perform the actual all-optical switching experiment between two weak, 40 ps optical pulses, by
interacting them in a strongly coupled QD-cavity system.
The pulses are resonant with the cavity and have a relative
delay of t. The pulse pair is generated using the delay
(a)
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FIG. 2 (color online). All-optical switching of the CW signal
beam by a pulsed control beam through the strongly coupled
QD/cavity system. (a) Cavity transmission when the signal and
control are tuned to the cavity, which is resonant with the QD
(panel 1). The transmitted cavity output is normalized with
respect to the maximum cavity transmission. As the signal and
control input powers are increased (panels 2 and 3), the QD
saturates and results in a net-positive nonlinear transmission. For
the three panels, the CW signal powers are 12, 168, and 240 nW,
respectively; the pulsed control powers are 0.2, 1.6, and 3.8 nW,
respectively (all measured before the objective lens). (b) Plots of
the theoretically estimated intracavity photon number hay ai,
which gives the transmission by T ¼ 2hay ai. We plot the
calculated intracavity photon number for the control beam intracavity photon number nðcÞ, signal and control nðs þ cÞ, and the
differential photon number n ¼ nðs þ cÞ  nðsÞ  nðcÞ.
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FIG. 3 (color online). All-optical switching between two weak
laser pulses interacting via a strongly coupled QD-cavity system.
(a) Time-delay setup for producing pulses at a separation of t.
(b) Simulated interaction of two laser pulses, represented by the
instantaneous intracavity photon number hay ai as a function of
the time delay t between the two 40 ps long Gaussian pulses.
Curves are calculated for a set of different rates of pure QD
dephasing [13], d , which causes a reduction of the transmission
dips before and after the peak. Pure dephasing also causes a
blurring of the spectral normal mode splitting [13], which in turn
raises the transmission for increasing d . (c) Pump-power dependence of the cavity transmission for coincident pulses repeating at 80 MHz. Different curves correspond to the average power
of each of the pulses used in the experiment (averaged over
13 ns, the pulse repetition period). (d) Signal observed when the
cavity-QD system is probed with two 40 ps long pulses as a
function of their delay. When the two pulses have a temporal
overlap inside the cavity (i.e., delay approaches zero), the QD
saturates and the overall cavity transmission increases. The
power in the single of the two pulses corresponds roughly to
the 3.4 nW trace in (c). Best agreement is found with the
theoretical plot for a pure dephasing rate d =2  5 GHz (the
solid red line).
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This experiment is performed on a different QD-cavity
system with similar parameters f; g; g=2 ¼
f27:2; 21:2; 1g GHz while the temperature of the system
is kept at 38 K. Photon statistics measurements on the
system showed nonclassical behavior confirming only a
single QD is coupled to the cavity and results in the effects
of photon blockade and photon induced tunneling, confirming the quantum nature of the system (see
Supplemental Material [10] and Ref. [15]). Figure 3(c)
plots the time-averaged cavity transmitted signal observed
on a spectrometer for coincident pump pulses with an
average power of both pulses increasing from 0.3 to
9.2 nW before the objective lens. It is evident that for
powers beyond 9 nW, the polariton mode splitting disappears as the QD is saturated. This suggests that the
QD-cavity system acts as a highly nonlinear system that
increases its transmission for coincident pulses. Based on
the result of Fig. 3(c), we choose average powers of
individual pulses to be 3.4 nW, as it is evident that the
presence of two such pulses saturates the system leading to
maximum cavity transmission. This pulse power corresponds to an intracavity photon number of 0.4 for each
pulse ( ¼ 3%). Then we perform the optical switching
experiment by tuning the delay between two such pulses,
as shown in Fig. 3(d): the cavity transmission rises by 22%
when the pulses are coincident at t ¼ 0. This transmission peak agrees with the theoretical prediction as shown
by the red curve. In the theory plot, we also observe
reduced transmission at a nonzero time delay. We find
that by including a pure QD dephasing term into the master
equation model, the transmission dips are diminished
[Fig. 3(b)], as observed in the experimental results. The
best fit to experimental data is found for a dephasing rate of
d =2  5 GHz.
In conclusion, we demonstrated the ultrafast all-optical
switching between the pulsed control beam and a CW or
pulsed signal beam via a strongly coupled QD/cavity system. A strong nonlinear response exists at low powers
corresponding to mean intracavity photon numbers below
one. The large nonlinearity may be of use in classical alloptical signal processing [2]—for example, for the
implementation of all-optical logic gates operating at the
single- or few-photon level. In addition, it may be beneficial for quantum information processing with optical nonlinearities [16–19]. Moreover, the QD-cavity system is
ideal for on-chip integration and can easily operate with
repetition rates up to tens of GHz.
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