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Quantum Photonics with Solid-State Emitters

Richard J. Warburton, Department of Physics, University of Basel, Switzerland

Arguably, the only really useful single photon source in
quantum technology is a source of close-to-perfect single
photons. The demands are stringent in terms of purity (the
level of anti-bunching), coherence (the level of indistinguis-
hability) and brightness (the efficiency of the entire device).
Such a source would find applications in device-indepen-
dent quantum cryptography. The quantum repeater requires
in addition a stationary bit at each node, for instance a co-
herent spin. Ideally therefore, a system is required with a
coherent spin and an efficient spin-photon interface.

Implementing these ideas in the solid-state is appealing as
nano-technology can potentially add a lot of device functio-
nality. However, a solid-state environment is a source of noi-
se. Example noise sources include phonons in the lattice,
charge noise from fluctuating charges in the solid and spin
noise from the fluctuating nuclear spins of the host atoms.
Also, a solid-state emitter may emit not just a photon (the
zero-phonon-line, ZPL) but also a photon together with a
phonon.

Reported here is progress on two prominent solid-state
emitters, a semiconductor quantum dot and the NV colour
centre in diamond. The two emitters have complementary
strengths and weaknesses. A semiconductor quantum dot
is a source of high quality single photons but single spins
dephase rather rapidly. Conversely, the NV centre hosts a
highly coherent spin but the photons are of low quality. The
goal of the research is to address the main weakness of
the emitter while preserving the strengths. This means im-
proving the spin coherence in the case of semiconductor
quantum dots; and improving the quality of the photons in
the case of the NV centre in diamond.

In the case of quantum dots, the noise in high quality mate-
rial at low temperature is very low [1,2] and in the best case
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(resonant excitation at low temperature), transform-limited
linewidths have been achieved [3], Figure 1. Even photons
created at quite different times have a high degree of in-
distinguishability. The extraction efficiency out of the host
material, GaAs, is low on account of the high refractive in-
dex. Most of the photons undergo total internal reflection
and propagate laterally within the semiconductor. However,
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Figure 1: Resonance fluorescence (RF) on a single quantum dot.
(a), (b) neutral exciton (X°), charged exciton (X") resonance flu-
orescence versus detuning at 4.2 K and zero magnetic field with
100 ms integration time per point. The solid lines are Lorentzian
fits to the data. The linewidths are 1.3 peV for X° and 1.5 peV for
X", close to the transform limits 0.9 p/eV and 0.8 eV, respectively.
(c) RF linewidth against scanning frequency. The linewidth appro-
aches the transform limit for scanning frequencies above 50 kHz
for both X° and X".



the extraction efficiency can be boosted massively by en-
gineering the photonic modes. One approach is to embed
the quantum dot in a micro-cavity. At the resonance, emis-
sion into the micro-cavity mode is favoured over emission
into the other modes; high efficiency results once the light
is coupled out of the micro-cavity efficiently. A micro-cavity
is under development [4]. The micro-cavity is a highly mi-
niaturized Fabry-Pérot-type cavity. The top mirror has radi-
us of curvature of just 10 ym and is located a few hundred
nanometres above the semiconductor sample; the bottom
mirror is integrated into the semiconductor heterostructure.
The beam waist is approximately one wavelength in ex-
tent, 950 nm in this case. In situ tuning is facilitated by mo-
ving the sample with respect to the top mirror. On paper, a
brightness of more than 80% can be achieved with the pre-
sent design by working deep in the weak coupling regime of
cavity-QED; and the strong coupling regime is accessible
once the Q-factor of the micro-cavity is increased.

A quantum dot electron spin dephases rapidly on account
of the interaction of the electron spin with the nuclear spins
of the host material, GaAs. All the Ga and As isotopes have
non-zero nuclear spins and couple to the electron spin via
the hyperfine interaction. This interaction results in electron
spin decoherence. To explore this, the inverse problem, the
decoherence of the nuclear spins via an interaction with the
electron spin, was addressed. A nuclear magnetic resonan-
ce experiment was carried out on the host nuclear spins
of a single quantum dot [5,6]. In the absence of a quan-
tum dot electron, the nuclear spins have a coherence time
(strictly speaking, the Hahn echo decay time) of 5 ms. In the
presence of a quantum dot electron spin, the nuclear spin
coherence time drops by about a factor of hundred [6]. The
proposed mechanism is a coupling of remote nuclear spins
via the electron spin [6]. The implication is that the hyper-
fine interaction limits the electron spin coherence to tens of
micro-seconds even at large magnetic fields. In principle,
this decoherence mechanism can be suppressed by pola-
rizing the nuclear spins; in practice, nuclear polarizations
beyond about 50% have not been achieved. A hole spin is a
viable alternative to the electron spin [1]. A pure heavy hole
is predicted to decouple from the nuclear spins on applica-
tion of an in-plane magnetic field. The extent to which this
limit applies to a real hole spin has been investigated and
found to hold even down to nano-electronvolt energies [7].
Lower bounds on the decoherence times have been esta-
blished and are very promising for future applications [1,7].

In the case of the NV centre in diamond, one major pro-
blem is the low probability of phonon-free emission — the
ZPL accounts for just 3% of the emission — yet it is only
the ZPL photons which are useful in creating spin-photon
entanglements. An additional problem is the radiative life-
time, 12 ns, long relative to that of a quantum dot, 0.8 ns.
Finally, as in GaAs, there is also the challenge of extracting
the photons efficiently out of the high-index host material. In
principle, all these problems can be solved with a micro-ca-
vity in spatial and spectral resonance with an NV centre.
The micro-cavity results in faster recombination, preferen-
tial emission into the micro-cavity mode, and, crucially, an
increase in the ZPL fraction. In practice, it has been challen-
ging to secure these advantages largely because diamond
nano-fabrication tends to worsen the spectral inhomogene-
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ity of the NV centres. Our approach is to embed a diamond
membrane into our miniaturized Fabry-Pérot cavity [8]. The
membrane is created by etching a 50 ym thick diamond
plate to thicknesses of a few hundred nanometres. Cruci-
ally, no lateral structuring is required. NV centres in these
membranes have optical linewidths of approximately 1 GHz.
While this is much larger than the transform limit, 10 MHz,
it is smaller than the crystal field splitting of the NVs, 2.8
GHz, and smaller than the microcavity linewidth, 10 GHz.
In the micro-cavity, the radiative decay time decreases to
6 ns corresponding to a Purcell factor of 2.0 [8], Figure 2.
This modest Purcell effect masks a large change to the ZPL
fraction. The point is that emission into the “leaky” lateral
modes is not changed by the micro-cavity: the Purcell effect
rests entirely on boosting emission into a single “vertical”
mode. The ZPL fraction increases to close to 50% in this
experiment.
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Figure 2: Decay curves measured on a single NV centre embed-
ded in a highly miniaturized Fabry-Pérot cavity as the cavity is
gradually tuned in frequency from the spectral resonance. Out of
resonance, the decay time tends to 12 ns, the decay time of NVs
in the bulk. On resonance, the decay time reduces to 6 ns, a clear
Purcell effect. The overall Purcell factor of 2.0 corresponds to an
increase in the ZPL fraction from 3% to close to 50%.

It is hoped that these advances will underpin future efforts
to create remote spin-spin entanglements at useful rates for
quantum technology.

This work was performed as a close collaboration with
the groups of Daniel Loss, Patrick Maletinsky and Martino
Poggio in Basel; and Andreas Wieck and Arne Ludwig at
Ruhr-University, Bochum. The work was funded by SNF,
NCCR QSIT and SNI.

[1] R. J. Warburton, Nature Materials 12, 483 (2013)

[2] A. V. Kuhlmann, J. Houel, A. Ludwig, L. Greuter, D. Reuter, A. D. Wieck,
M. Poggio, and R. J. Warburton, Nature Physics 9, 570 (2013)

[3] A. V. Kuhlmann, J. H. Prechtel, J. Houel, A. Ludwig, D. Reuter, A. D.
Wieck, and R. J. Warburton, Nature Communications 6, 824 (2015)

[4] L. Greuter, S. Starosielec, A. V Kuhlmann, and R. J. Warburton, Physi-
cal Review B 92, 045302 (2015)

[5] M. Munsch, G. Wust, A. V. Kuhimann, F. Xue, A. Ludwig, D. Reuter, A.
D. Wieck, M. Poggio, and R. J. Warburton, Nature Nanotechnology 9, 671
(2014)

[6] G. Wust, M. Munsch, F. Maier, A. V. Kuhlmann, A. Ludwig, A. D. Wieck,
D. Loss, M. Poggio, and R. J. Warburton, Nature Nanotechnology 11, 885
(2016)

[7]1J. H. Prechtel, A. V. Kuhimann, J. Houel, A. Ludwig, S. R. Valentin, A. D.
Wieck, and R. J. Warburton, Nature Materials 15, 981 (2016)

[8] D. Riedel, I. Séliner, B. J. Shields, S. Starosielec, P. Appel, E. Neu, P.
Maletinsky, and R. J. Warburton, Phys. Rev. X 7, 031040 (2017)

23



