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Quantum nature of a strongly coupled single quantum

dot-cavity system

K. Hennessy?*, A. Badolato'*, M. Winger'*, D. Gerace', M. Atatiire', S. Gulde', S. Falt', E. L. Hu? & A. Imamoglu’

Cavity quantum electrodynamics (QED) studies the interaction
between a quantum emitter and a single radiation-field mode.
When an atom is strongly coupled to a cavity mode'?, it is possible
to realize important quantum information processing tasks, such
as controlled coherent coupling and entanglement of distinguish-
able quantum systems. Realizing these tasks in the solid state is
clearly desirable, and coupling semiconductor self-assembled
quantum dots to monolithic optical cavities is a promising route
to this end. However, validating the efficacy of quantum dots in
quantum information applications requires confirmation of the
quantum nature of the quantum-dot—cavity system in the strong-
coupling regime. Here we find such confirmation by observing
quantum correlations in photoluminescence from a photonic
crystal nanocavity’ interacting with one, and only one, quantum
dot located precisely at the cavity electric field maximum. When
off-resonance, photon emission from the cavity mode and
quantum-dot excitons is anticorrelated at the level of single
quanta, proving that the mode is driven solely by the quantum
dot despite an energy mismatch between cavity and excitons.
When tuned to resonance, the exciton and cavity enter the
strong-coupling regime of cavity QED and the quantum-dot
exciton lifetime reduces by a factor of 145. The generated photon
stream becomes antibunched, proving that the strongly coupled
exciton/photon system is in the quantum regime. Our observa-
tions unequivocally show that quantum information tasks are
achievable in solid-state cavity QED.

Pursuit of solid-state cavity QED is motivated by the possibility of
fixing the emitter location with respect to the cavity mode electric
field maximum and of enhancing the emitter—cavity coupling by
fabricating cavities with ultrasmall volumes. Substantial progress
has been made to this end, culminating in the demonstration of
strong coupling of a Cooper pair box to a superconducting trans-
mission line microwave resonator® and of a semiconductor self-
assembled quantum dot (QD) to a nanoscale optical cavity mode”™.
However, further progress in QD cavity QED has been partially hin-
dered by the conventional practice of incorporating many QDs at
random locations in the cavity, leading to indirect/off-resonant
coupling to other QDs overlapping the mode. Recent experiments
showing intense cavity emission, and even lasing, when the mode is
non-resonant with the QDs*”™'? suggest that observation of quantum
effects would require a nanocavity containing a single QD.

Here we demonstrate a new technique to locate the absolute posi-
tion of buried QDs by atomic force microscopy (AFM) metrology. As
the top half of the photonic crystal slab is grown on the QD layer (see
Methods), the presence of the QDs gives rise to small but distinctive
1-2nm hills on the surface that can be detected by AFM. In ways
similar to those used to position nanocavities relative to stacks of
QDs'°, we were able to position with 30 nm accuracy a nanocavity

relative to one, and only one, QD, aligning it to the electric-field
maximum of the cavity mode as shown in Fig. 1a, b. This positioning
technique allows us to study the coupled system with unprecedented
clarity. Furthermore, in comparison to devices containing multiple
QDs, we achieve significantly higher quality factors (Qs), ranging
from 12,000 to 30,000 in ~20 deterministically coupled devices.
In typical devices, QDs are located at ~90% of the electric-field
maximum.

Our approach allows for pre-selection of QDs with desirable spec-
tral properties. In the remainder of this Letter, we follow one such
QD that was selected on the basis of a small QD—mode spectral de-
tuning despite having less-than-average QD-mode alignment. The
measured photoluminescence spectrum (see Methods) of this QD
(Fig. 1c) consisted of a few narrow, isolated excitonic transitions that
were promising for nanocavity coupling. We then fabricated'®'" the
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Figure 1| Positioning a photonic crystal cavity mode relative to a single
buried QD. a, AFM topography of a photonic crystal nanocavity aligned to
a hill of material on the surface arising from a QD buried 63 nm below. The
height scale is depicted by the colour bar. b, Electric field intensity of the
photonic crystal cavity mode showing that the location of the buried QD,
indicated by the teal dot, overlaps the field maximum. The field intensity
ranges from zero (black) to a maximum (white), going through blue, red and
yellow. ¢, Photoluminescence spectrum before cavity fabrication of a single
QD, which was selected for cavity coupling on the basis of clear emission
from a few discrete excitonic transitions. d, Photoluminescence spectrum
from the same QD after cavity fabrication, showing emission from the cavity
at 942.5 nm.
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photonic crystal with the lattice parameter a and hole radius r/a selected
to lithographically tune the nanocavity mode to this precise spectral
location. As shown in Fig. 1d, the cavity mode is spectrally positioned a
few nanometres shorter in wavelength than the exciton transitions,
allowing us to tune the cavity by a thin-film condensation technique'
and study the exciton—cavity interaction as a function of the detuning
between mode and exciton, 4; = A, — Ay (4, = 0, — @y ), where A,
(wy) and 4y, (w,) denote the resonant exciton and cavity-mode wave-
length (angular frequency), respectively.

An important feature of the spectrum in Fig. 1d is that emission
from the cavity mode is observed where there was clearly no QD
emission before cavity fabrication. Cavity emission for arbitrary
detunings challenges the notion that QDs may be fully described as
artificial atoms with discrete energy levels. To explain this effect,
recent reports speculate that the mode is fed by either a background
continuum or a multi-QD effective continuum’. We rule out the
former by noting that no mode emission occurs for control cavities
containing an InAs wetting layer but positively no QDs, and we
dismiss the latter by observing that even a single QD sustains effi-
cient mode emission for all detunings observed in our devices
(—19nm < 4, <4.1nm). We further investigate the nature of the
off-resonant coupling by measuring the quantum correlations
between photons emitted from the exciton transitions and the spec-
trally detuned (4, = 4.1 nm) cavity. This measurement corresponds
to the second-order, normally ordered, cross-correlation function'
gi’zrzq(r)= (: L(t+1)In(t) :) /(L(2)) (Im(t)), where Lm)(#) and L
(t+7) refer to the intensity of the exciton (cavity-mode) photon
stream at time ¢ and a delayed time ¢+1, respectively. Arrival of a
cavity (exciton) photon triggers a timer that stops upon detection of
an exciton (cavity) photon for a positive (negative) difference in
arrival time (see Fig. 2a and Methods). We accumulate a histogram
of the detection events (Fig. 2b). For zero time difference, we observe
strong antibunching, a deviation from the uncorrelated case of
¢2(0) =1 that directly proves the two emission events stem from
the same single quantum emitter and are anticorrelated at the level of
single quanta. Remarkably, the time constant for negative time delay
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Figure 2 | Cross-correlation histogram and time-resolved
photoluminescence from the QD-cavity system with 4; = 4.1nm.

a, Diagram of the optical system used in cross-correlation measurements.
The mode and exciton wavelengths are filtered as indicated by the blue and
red shading, separated by a grating monochromator and imaged on separate
single-photon detectors. b, Cross-correlation histogram of the mode and
exciton emission (black) with exponential fits (red). The two emission events
are anticorrelated at the single-photon level, giving rise to an antibunching
in g(z)(r). ¢, The exciton lifetime 7, = 8.7 ns is comparable to the time
constant observed in the cross-correlation histogram for negative time
differences. d, The lifetime of the mode emission 7, = 1.3 ns is comparable
to the time constant observed in the cross-correlation histogram for positive
time differences.
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(8.5ns) corresponds to the lifetime of the exciton, 7, =8.7ns
(Fig. 2c), while the time constant for positive time delay compares
to the lifetime of the mode emission, 7,,, = 1.3 ns (Fig. 2d). (This is
surprising because we would expect the lifetime of the states pro-
ducing the stop pulse to dictate the respective time constant.) Off-
resonant cavity—exciton anticorrelation demonstrates the existence
of a new, unidentified mechanism for channelling QD excitations
into a non-resonant cavity mode, indicating a clear deviation from
a simple artificial atom model of the QD.

Having studied the exciton—-mode coupling for large detuning, we
then tuned the mode into resonance with the exciton to study res-
onant interaction. Clear evidence of the strong-coupling regime of
cavity QED is obtained from spectra recorded as a function of 4,. A
subset of these spectra is plotted in Fig. 3b, from which we note the
following features: for 4; > 0.05nm, the short-wavelength spectral
feature remains cavity-like with a linewidth of Al_=44, =
0.071 nm and the long-wavelength peak retains its excitonic nature
with Al =AZc = 0.025nm. Here, A/, (A4) denotes the bare cavity-
mode (exciton) linewidth. For further decrease in 4, the short-
wavelength feature broadens and then separates into two distinct
peaks. As tuning proceeds, the middle peak preserves exactly the
wavelength, linewidth and polarization of the cavity mode while the
long- and short-wavelength peaks repel each other and assume equal
linewidths of A1y =0.042nm =~ (Al + Aly)/2. Our observation of
a spectral triplet in the strong-coupling regime is unique among
recent reports of solid-state vacuum Rabi splitting’”’. The two outer
peaks at 4, = 0 anticross, as shown in Fig. 3a, and are identified as the
polariton states of the strongly coupled exciton—photon system. Their
resonant frequencies 2+ and linewidths /" are:

1 1 — 2
Wy + Wy l/x"’ym i\/gz—f—Z(Aw*lVX Vm) (1)

Q + + i’ + / 2= 2 2 2
where g is the exciton—-mode coupling frequency estimated from
the minimum observed polariton splitting and the full-width at
half-maximum (FWHM) of the mode 7y, =24.1 GHz =100 peV
(Q=13,300) and exciton y,=8.5GHz = 35peV. The calculated
peak positions are plotted as the continuous lines in Fig. 3a, and show
very good agreement with the measured ones. From this Rabi split-

ting trend, we find g = 18.4 GHz = 76 eV and note that gis reduced
to ~70% of its maximum possible value owing to the slight spatial
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Figure 3 | Characteristics of the strong-coupling regime in the spectral
domain. a, Wavelength of the polaritons for various detunings, 4.
Calculated spectral peak positions describing the strongly coupled system
are plotted as solid lines, with measured peak positions extracted from
photoluminescence plotted in red and blue dots. b, Spectra of the two
anticrossing polariton states near zero detuning. An additional peak is
identified as the pure photonic state of the cavity. Values of 4, are shown for
each spectrum. PL, photoluminescence; a.u., arbitrary units.
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mismatch between the QD and the electric field maximum of the
cavity mode. Coupling constants for other instances of strong coup-
ling with different excitons are as high as 120 peV in our samples.

The predicted strong-coupling spectrum accounts for two of the
three peaks that we observe experimentally—we attribute the addi-
tional peak to the pure photonic state of the cavity. A similar three-
peak lineshape has been observed for Ba atoms strongly coupled to a
high-finesse cavity', and is attributed to fluctuations in the number
of atoms present in the cavity over time. Our data can be regarded as
the solid-state analogue of this scenario, in which fluctuations in
emitter energy, rather than emitter number, occur over time. As
the occupation of charging centres in the vicinity of the QD fluctu-
ates, the exciton energy is renormalized via the Coulomb interaction
and the detuning becomes large, |4,,|>>g. For such large detunings,
the short-wavelength polariton reverts to the pure photonic state of
the cavity. It is plausible that the QD exciton emission in this case
leads to one of the longer-wavelength photoluminescence lines
depicted in Fig. 1d. In our experiments, we integrate the photolumi-
nescence for ~1s, thereby collecting a time-average of the two
regimes that results in the observed spectral triplet.

The clear signatures of strong coupling in Fig. 3 are confirmed by
measuring 7, as the mode is tuned into resonance with the exciton.
Modification of 7, is predicted to be particularly strong in a photonic
crystal environment owing to the depleted density of optical states for
energies in the photonic bandgap'. This is confirmed by our mea-
surement at large detuning (4, =4.1nm) of t, = 8.7 ns, which is
long in comparison to the lifetime in bulk material, 7=~ I ns . On
the other hand, as the cavity mode spectrally approaches the exciton,
7 should decrease owing to an effect that can be considered the
counterpart of the Purcell effect'®'” for a detuned, strongly coupled
system. As the cavity is tuned into resonance, 7, decreases rapidly
to T, =~ 1.6ns at 4; = 1.26 nm and further diminishes to a carrier-
capture limited 7, = 60 ps at 4, =0 (Fig. 4a, b). The reduction in
lifetime by a factor of 145 confirms that our QD is coupled to the
cavity mode and spatially located near the cavity centre. Such short
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Figure 4 | Characteristics of the strong-coupling regime in the time
domain. a, The exciton lifetime 7 is reduced to 1.6 ns when the detuning is
4,=1.3 nm. b, At exact spectral resonance, 7, decreases to 60 ps, a
reduction by a factor of 145 from the value at 4; = 4.1 nm.

¢, Autocorrelation function of the cavity mode off-resonance with the
exciton, showing no significant quantum correlations. d, Autocorrelation of
the strongly coupled cavity—QD system demonstrating strong quantum
correlations in the form of photon antibunching, where the central peak
area, A, is 54% of the area of peaks at other times. In a and b, histogram data
are shown in black and an exponential fit in red. In ¢ and d, the grey bar
shows the difference between the central peak height and the average height
at other times.
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lifetimes, approaching the cavity photon storage time, support the
spectral evidence that the exciton—photon coupling g is sufficiently
large for the system to be in the strong-coupling regime. In order to
estimate gindependently from the Rabi splitting, we assume that 7, is
primarily determined by a lorentzian dependence on the detuning'?,
and fit the experimental data (see Methods) to obtain g=
21.8 GHz = 90 peV, which agrees very well with the value obtained
from the Rabi splitting.

The spectral anticrossing that we observe is unequivocally a result
of strong coupling; however, we emphasize that the calculated two-
peak lineshape also describes exactly two coupled classical harmonic
oscillators'®. Therefore, Rabi splitting alone is not sufficient to dis-
criminate between a regime arising from the interaction of single
exciton and photon quanta and a classical regime describing the
coupling behaviour of two classical oscillators. For cavity photon
occupation numbers above one, the quantum nonlinear regime is
manifested in the Jaynes—Cummings ladder spectrum®, which is
absent in the case of two strongly coupled classical oscillators. A
direct experimental demonstration of the quantum nonlinear regime
has been reported for single atoms flying through microwave cav-
ities” and, in the case of optical cavities, has been inferred by mon-
itoring the statistics of the emitted photon stream®. In QD cavity
QED, in which the artificial atom is composed of many atoms
embedded in a host matrix, it is crucial to confirm that the system
manifests true quantum behaviour. To this end, we measure the
second-order auto-correlation function gfj}m(r) of the cavity photon
stream under pulsed excitation. For 4, = 4.1 nm, the cavity displays
nearly poissonian photon statistics as shown in Fig. 4c, with
gg?m(o) = 1, revealing its harmonicity. That is, the cavity is accepting
multiple photons at the same time—a surprising result given
the observed g(2>(0) =~ ( in cross-correlation with the exciton. We
then tuned the system into strong coupling and measured the
auto-correlation function of the entire three-peak structure consist-
ing of the strong-coupling doublet and the pure photonic state of the
cavity. In this regime, the statistics of the cavity photon stream dra-
matically change to sub-poissonian (Fig. 4d), with a central peak area
at T = 0 that is only 54% of the average peak area at other times.

We note that the area of the peak at 7 =0 is increased from the
ideal value of zero by two mechanisms. First, the central peak in the
observed spectral triplet, which is not antibunched, contributes 45%
of the total collected photoluminescence, as determined by the three-
lorentzian fit shown in Fig. 3b. Second, in strong coupling, the carrier
capture process proceeds on timescales longer than the polariton
decay time (13.3 ps), so that it is possible for the system to undergo
multiple capture/emission events per excitation pulse. Accounting
for these factors, the measured g (1) shows clearly that the cavity
field attains an anharmonic character when brought into strong
coupling with the exciton, proving the interaction is with a two-level
quantum system. We have confirmed that the main contribution to
the peak at 7 =0 is from the pure photonic state of the cavity by
performing auto-correlation measurements on another device that
exhibited larger Rabi splitting. In this device, we spectrally filtered a
single polariton peak so that the pure photonic state of the cavity
contributed only 15% of the total signal (Supplementary Fig. S1). In
this case, the auto-correlation signal exhibited strong antibunching
with a peak area at 7 = 0 of only 19% (Supplementary Fig. S2). These
photon correlation measurements prove the quantum nature of the
strongly coupled QD—cavity molecule.

A direct demonstration of the photon blockade effect®® could be
obtained by exciting the photonic channel of the strongly coupled
system in reflection or transmission measurements, thereby reaching
the ultimate limit of solid-state nonlinear optics at the single-photon
level. The results of the present work encourage the experimental
pursuit of quantum information tasks in the solid state, such as the
deterministic coupling of two QDs mediated by a common cavity
mode™.
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METHODS

Semiconductor material. The semiconductor heterostructure used for sub-
sequent photonic crystal fabrication was grown on a (100) semi-insulating
GaAs substrate by molecular beam epitaxy. The epitaxial structure consists of
a126 nm GaAs slab incorporating a layer of InAs quantum dots at the centre with
a density ranging from zero to 3 per um” across the sample. By annealing the
quantum dots in situ when partially capped with GaAs, we tuned the quantum-
dot ground state energies to ~1.3 eV. The photonic crystal slab is grown above a
1 um Al ;Gag 3As layer that is later removed to provide vertical optical isolation.
Optical characterization. For micro-photoluminescence experiments, samples
are mounted in a liquid-helium flow cryostat at 4.2 K. We excite with an above-
bandgap (4 = 780 nm) continuous wave diode laser focused to a 1 jim spot using
a 50X microscope objective (NA = 0.55). The photoluminescence signal is col-
lected by the same objective, dispersed by a 750 mm grating spectrograph with a
spectral resolution of 21 pm, and detected with a liquid-nitrogen-cooled charge
coupled device camera.

In time-dependent lifetime measurements, we excite the sample with a
Q-switched pulsed diode laser at a rate of either 40 MHz or 80 MHz. We spec-
trally filter the photoluminescence using the spectrometer (bandwidth =
0.4nm = 550 peV) and focus it on an avalanche photodiode (APD) single-
photon counter. A time-to-amplitude converter (TAC) transforms time differ-
ences between photon detection events and synchronization pulses provided by
the laser to electrical signals of corresponding amplitude. A multichannel ana-
lyser accumulates a histogram of the measured intervals. We can choose between
two different types of APDs to obtain time resolution of either ~70ps or
~400 ps, with the latter having significantly higher quantum efficiency.

In auto-correlation measurements, filtered light is sent to a Hanbury Brown—

Twiss interferometer, consisting of a 50:50 plate beam splitter with an APD at
either output. Time-correlation of the signals is done in a manner similar to that
in lifetime measurements. Cross-correlation measurements are done in the same
way after the two wavelengths of interest are spatially separated by the spectro-
meter.
Estimation of g. We assume that 7, is primarily determined by a lorentzian
dependence on the detuning'® and fit the experimental data with the relation
h/te="7, + Vs> in which yy is the background emission rate into all other
modes and sy =782 /[4% + (7,n/2)*] is the spontaneous emission rate into
the cavity mode. The best fit is given by y,=12.2MHz=0.05peV and
g=21.8 GHz = 90 peV. The first value corresponds to a lifetime of 13 ns, strongly
modified from the bulk lifetime by the photonic bandgap. The second value
confirms that in our system the strong-coupling condition g > (7, —7y,,)*/16
is satisfied and agrees very well with the value of g estimated from the vacuum-
field Rabi splitting.
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