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This paper summarizes recent progress achieved in the field of semiconductor cavity quantum electrodynamics
with single quantum dots with the focus being on micropillar cavities. Light—matter interaction both in the strong
and weak coupling regime is presented. Resonance tuning of the quantum dot by temperature, electric fields and
magnetic fields is demonstrated while the strong coupling regime can be reached. Additionally, deterministic
device integration of single positioned quantum dots is reported by a combination of site controlled quantum dot
growth via directed nucleation and subsequent device alignment to overcome the degree of randomness of the
quantum dot position in so far most common quantum dot—cavity systems.

PACS numbers: 73.21.La, 71.35.Ji, 71.55.Eq, 37.30.+i

1. Introduction

Cavity quantum electrodynamics (CQED) based on
a solid state platform is a highly prospering research
field [1]. The exploitation of single semiconductor quan-
tum dots (QDs) as zero-dimensional light emitters and
artificial atoms and their integration into optical res-
onators has led to an entire new generation of highly
sophisticated devices in semiconductor systems. For in-
stance, efficient single photon sources [2-7] and few to
single QD lasers [8-11] have been extensively researched.
Furthermore, the manipulation of a single electron spin
in a self-assembled QD [12] is an important first step
toward cavity based future quantum information pro-
cessing schemes based on QDs [13, 14]. Especially the
rather straightforward way of electrical current injection
into doped low-mode volume GaAs based structures can
pave the way to technologically exploit the devices within
the aforementioned applications [11, 15]. The fundamen-
tal physics in the discussed devices relies on the efficient
spatial and spectral coupling of a single QD to the op-
tical mode of the resonator. Different resonator geome-
tries were traditionally used to study the coupling of sin-
gle self-assembled QDs to optical resonances, among of
which microdisks [16, 17], photonic crystal (PhC) cavities
[8, 18-20] and micropillar cavities [21, 22| are the most
prominent. Due to the possibility to reach high qual-
ity factors (Q factors) on the order of 105 23], a highly
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directed vertical emission and the feasibility for current
injection in low-mode volume micropillar cavities [15],
those structures can be considered as a model system
to study important effects in the CQED. Consequently,
also the first observation of the Purcell effect between
QDs and a monolithic semiconductor cavity mode was
reported in a micropillar system [24, 25|, reflected by a
change of the emission rate of the quantum dot when
tuned on resonance with the pillar mode. In fact, the
spontaneous emission process is influenced by the pres-
ence of the cavity due to the discrete mode spectrum and
on resonance the spontaneous emission of the emitter is
enhanced by the Purcell factor Fp [1]:
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This factor strongly depends on cavity parameters such
as the @ factor and the mode volume V,04e, but also on
the spectral QD-cavity detuning A and the spatial posi-
tion of the quantum dot with respect to the electrical field
inside of the micropillar (expressed by |E(7)|?) must be
taken into account. While the QD-cavity detuning can
be manipulated by means of temperature tuning or more
sophisticated techniques as will be presented below, the
lateral position of the interacting QD in the devices is
left to randomness in most approaches. Possible routes
to control the QD position in single micropillar structures
include high resolution micro photoluminescence (micro-
-PL) scanning of a planar sample and subsequent device
processing with respect to the QDs [26, 27]. Yet the
fully scalable integration of single QDs in the centre of
micropillar resonators is expected to very likely require
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site controlled QD (SCQD) growth and subsequent de-
vice alignment [28, 29].

By increasing the quality factor @) of the resonators
and therefore the photon lifetime 7, (7, = 7Q/E}) within
the structures, photon losses can be reduced and the QD-
-cavity system can eventually be driven into the regime of
strong emitter—photon coupling [6, 17, 18, 22, 30, 31]. In
this case, the coupled system experiences damped Rabi
oscillations reflected in a in the characteristic vacuum
Rabi splitting of the emission lines of the coupled QD-
cavity system under resonant conditions. The two en-
ergies of the eigenmodes can then be expressed by the
following formula [22]:

Er2=Ey—i(yc —7)/4 % (9> — (¢ — 72)?/16]"/2.

Ey denotes the energy of the uncoupled exciton and the
cavity mode, yc and 7, are the full width at half max-
imum emission linewidths of the quantum dot and the
cavity, respectively. A simple estimation of the threshold
of the system for the occurrence of strong coupling in the
system can be obtained by setting the square root in the
equation equal to zero and neglecting dephasing of the
emitter (v, < o).

Therefore, strong coupling can be observed in the sys-
tem if

g~ c/4

In this threshold condition and in the equation already
given above, g represents the coupling strength of the
emitter to the cavity mode, which can be maximized by
enhancing the dipole moment of the emitter and reducing
the mode volume of the resonator [22].

A benefit of the micropillar cavity geometry is the
straightforward way of electrically contacting the devices
after sample planarization. In doped structures, elec-
trical current injection could be realized [15] and even
ultra-low threshold electrical current lasing effects in mi-
cropillars under electrical current injection could be ob-
served [11]. Furthermore, the exploitation of the quan-
tum confined stark Stark effect when applying a vertical
electric field to the structures leads to an alternative tun-
ing mechanism of the QD energy [32, 33|. In contrast to
temperature tuning, the energy of the excitonic emission
can be shifted on a much shorter timescale by an external
electrical field with a tuning range comparable to the one
achieved via temperature tuning. The potential of this
technique is demonstrated in this letter by presenting a
strongly coupled QD-resonator system with the emitter
being tuned through resonance by the quantum confined
Stark effect.

Recently, QD tuning in an external magnetic field ap-
plied in the Faraday configuration has attracted interest
as the technique allows one not only to blue-shift the
excitonic emission energy by the diamagnetic shift but
also to directly influence and manipulate the QD oscil-
lator strength [34]. Especially QDs with large surface
extensions and therefore rather extended excitonic wave
functions exhibit an enhanced shift in the magnetic field

up to values of 26 eV /T2, as the altered excitonic eigen-
function energy shift in a magnetic field can be described
by [34]:

AE o (0] 2 +y? | ).

Therefore, large QDs with optimized in-plane extensions
x and y are good candidates for QD tuning experi-
ments in the magnetic field. Yet, by increasing the mag-
netic field strength, the extension of the wave function is
quenched, and as a consequence, the dipole moment of
the QD exciton decreases [34].

The following sections review the advanced techniques
of QD manufacturing established in recent years to meet
the prerequisites for the discussed experiments. Further-
more, device integration of the QD structures in micropil-
lar cavities is described and selected spectroscopic exper-
iments are presented.

2. Experimental details and discussion

2.1. Quantum dot growth

The following section briefly summarizes the growth
of QDs that were tailored to meet the requirements in the
envisaged CQED experiments. For the experiments per-
formed in the strong coupling regime we systematically
increased the oscillator strength of the QDs to maximize
the light matter coupling strength g for a given mode
volume of the resonator. Reducing the indium content
in the GalnAs material system to a value of ~ 30% in
combination with a material deposition just above the
critical thickness leads to enlarged surface extension of
the quantum dots nanostructures [35]. Furthermore, en-
hancing the migration length during QD deposition by a
rather high substrate temperature of 510 °C results in di-
lute QD arrays with densities on the order of 1079 cm =2
as exemplarily depicted in the scanning electron micro-
scope (SEM) image in Fig. 1a of a sample containing un-
capped QDs. The dilute area density of the QDs enables
the study of single QD effects in the micropillar cavities.
The increased volume of the single QDs with elongations
of ~ 100 nm in the [0, —1, 1] direction and =~ 30 nm in the
[0, 1, 1] direction significantly increases the QD oscillator
strength up to 50, compared to 10-20 for standard single
InAs QDs [22, 36].

Additionally, envisaging experiments in a magnetic
field in the Faraday configuration, QDs with large sur-
face extensions feature enhanced diamagnetic shifts in
the 26 eV /T? range and therefore pave the way to new
single QD tuning techniques.

When a magnetic field is applied parallel to the growth
direction, i.e. in Faraday configuration, an additional lat-
eral confinement is provided to the QDs in the scale of the
magnetic length. The significant blue shift of the emis-
sion wavelength with increasing magnetic field strength
(see Fig. 1) is exploited in the experiments described be-
low.

The control of the QD position during growth is a chal-
lenging topic and has been accomplished in our group by
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Fig. 1.
quantum dots and corresponding photoluminescence

shift in a magnetic field: (a) large oscillator strength
Galng.3Aso.7 QDs; (b) site controlled InAs QDs.

Scanning electron micrograph of uncapped

means of directed QD nucleation as demonstrated by var-
ious groups [37]. At first nucleation centres are defined
on a planar GaAs surface by means of e-beam lithog-
raphy and etching. After thoroughly removing resists
and oxides [38] regrowth on the patterned surface is per-
formed, initialized by a thin GaAs buffer layer to smooth
the surface and subsequent deposition of InAs QDs in
single layers or stacked QD layers at low growth rates.
This technique allowed us to direct the nucleation of the
InAs QDs to a high degree as shown in scanning electron
microscopy images on uncapped QDs in Fig. 1. Details
on the growth of the site controlled quantum dots can
be found in [28, 29] and will be briefly reviewed. The
single site controlled InAs QDs described in this letter
were grown on stacks of two InAs layers to increase the
distance of the QD to the regrowth surface and to reduce
the detrimental effect of the etched pits in the regrowth
surface on the optical properties of the single QDs. The
combination of site controlled QD growth with a care-
ful device alignment enabled us to deterministically im-
plement single QDs in the centres of micropillar cavities
in a fully scalable manner. We also probed the QDs in
a magnetic field to assess the diamagnetic shift of the
SCQDs. In contrast to the Gag 7Ing.3As QDs, the dia-
magnetic shift of the SCQDs ranges around 6 ueV/T?
which is similar to previous studies on single InAs QDs.
We also observed a rather large Zeeman splitting of the
SCQDs with a g,-factor value of up to 4 also comparing
well with previous investigation on standard Stranski—
Krastanov InAs QDs [39].

2.2. Quantum dot integration in micropillar cavities

For the device integration of QDs into micropillar cav-
ities a single dilute layer of (Ga)InAs QDs is positioned

in the vertical field maximum of a one lambda cavity.
The GaAs cavity layer is sandwiched between two highly
reflecting AlAs/GaAs distributed Bragg reflector (DBR)
mirrors with up to 32 mirror pairs in the top and 36 mir-
ror pairs in the bottom DBR. The planar resonance of
the structures is tailored to match the QD photolumines-
cence in a manner such that QDs on the low energy tail
of the ensemble spectrum featuring the largest oscillator
strength and moderate spectral QD densities lower than
one QD emission line per meV were envisaged for the
resonance tuning experiments. Subsequently, micropil-
lars are defined by e-beam lithography and etched into
the sample by a reactive ion etch treatment [23]. As
optimization of the sample growth and processing such
as described in [23] leads to cavity @ factors exceeding
150000 for undoped structures and 16000 [15] for doped
pillars.

To electrically address the QDs in the structures, sam-
ple planarization and contacting of the pillars as de-
scribed in [15] are performed. Ring shaped gold contacts
are aligned with respect to the micropillars allowing for
an efficient light outcoupling of the devices while allow-
ing to homogeneously electrically pump or manipulate
the device by electric fields.

For the device integration of the SCQDs in micropillar
cavities, a stack of positioned InAs quantum dots with
three spectrally detuned InAs layers was integrated into
the resonators. Subsequently the micropillars were de-
fined relatively to the SCQD positions ensuring each de-
vice features not more than one detuned QD stack in its
centre.

2.83. CQED ezperiments in the strong coupling regime

In the following section, experiments in the strong cou-
pling regime under optical excitation are discussed. All
devices feature a single layer of GalnAs QDs integrated
in high @-factor micropillar cavities. The QDs were
pumped by a frequency-doubled Nd:YAG laser at 532 nm
above the GaAs band edge in the cavity and the signal
is collected by a double monochromator or a high res-
olution monochromator to allow for spectral resolution
better than 20 peV.

In Fig. 2a temperature tuning of the QD emission line
was employed to achieve resonance of the QD and the
cavity mode with a @ factor of 11000 (pillar diameter
1.6 pm).

Owing to the enhanced oscillator strength of the
Gag.3Ing7As QDs and the high quality factor of the
micropillar combined with an optical mode volume of
~ 0.3 pm? the required threshold to reach the strong
coupling regime could be overcome. The system exhibits
two distinct peaks at resonance which can be attributed
to the eigenenergies of a coupled QD—microcavity system
in the strong coupling regime. In fact, the characteristic
anticrossing of the excitonic emission line and the cav-
ity mode with a vacuum Rabi splitting of 105 ueV was
observed in the discussed system.

Tuning the excitonic emission line by means of tem-
perature is a feasible tool to probe the principle physical
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Fig. 2. Different tuning techniques applied to sweep
a single quantum dot emission line through a high @
micropillar cavity mode in the regime of strong cou-
pling: (a) temperature tuning, (b) electro-optical tun-
ing, (c¢) magneto-optical tuning.

effects, as it does not require further steps of sample pro-
cessing. Yet, the tuning range of the GalnAs QDs is
rather limited to values in the 1-2 meV range before the
emission is quenched due to enhanced thermionic emis-
sion of confined carriers and furthermore the tuning of
the QD emission line takes typically several seconds be-
fore the sample reaches its thermal equilibrium.

To reduce the timescale of the tuning mechanism
(SPEC), the quantum confined Stark effect can be ex-
ploited for instance to sweep the QD emission. This
requires electrical contacting of the micropillar sample
in the previously mentioned manner. The sample was
pumped optically with a continuous wave laser operating
at 890 nm, e.g. below the GaAs bandgap, in order to
avoid absorption in the doped DBR. The emission of the
sample was collected by the objective, while the sample
is electrically addressed. Figure 2b shows a compilation
of spectra taken under increasing reverse bias of the de-
vices. The QD emission is tuned to longer wavelength
by increasing the voltage, while the cavity resonance re-
mains at the same spectral position. Again, a pronounced
anticrossing of the associated with a vacuum Rabi split-
ting of QD and the fundamental cavity mode (Q: 14000)
amounting to 63 peV is observed, showing the maturity
of the device processing and the feasibility of reaching
the strong coupling regime in electrically addressed QD—
micropillar cavities.

As a further tuning mechanism of the QD emission
one can also employ the shift of QD excitons in a mag-
netic field. As discussed in [34, 39], this shift is fairly
pronounced in standard InAs quantum dots in a manner
comparable to Fig. 1b. In our high oscillator strength
Ing 3Gag.7As QDs, the large lateral extension of the exci-
tonic wave function results in a particular high diamag-
netic coefficient which facilitates magneto-optical tuning
in the strong coupling with a tunability of the QD emis-
sion line in the meV range comparable to temperature or
Stark shift tuning techniques.

Magneto-optical resonance tuning was exploited
in Fig. 2¢, where a QD is swept through the fundamental
cavity mode by its diamagnetic shift. A vacuum Rabi
splitting amounting to 95 eV could be extracted.

Interestingly, this allows for an in situ manipulation of
the oscillator strength which decreases for large fields as
the additional degree of confinement provided the mag-
netic field quenches the extension of the excitonic wave
function [34].

2.4. Deterministic light matter interaction
with single positioned QQDs

To exploit a coupled QD to a cavity resonance as an
efficient source of single photons, one has to ensure that
only a limited amount of QDs emit in the spectral vicin-
ity of the cavity resonance to prevent several QDs from
contributing to the cavity emission. Even the uncorre-
lated background light of rather far detuned QDs can be
funneled in the cavity mode [5, 6] and prevents the ob-
servation of single photon emission with ¢(* (0) values in
high quality factor cavities down to 0.

Therefore, the integration of no more than a single QD
in the device is desirable, and furthermore an efficient
QD—cavity coupling can only occur if the dot is located
in the centre of the resonator device.

Fig. 3. (a) Alignment marks for quantum dot and de-
vice alignment overgrown with 2 um of GaAs. (b) Align-
ment of two subsequent e-beam steps after overgrowth.

We have employed site controlled QD growth to ensure
a rather accurate position control of a single QD. The po-
sition control of our QDs was estimated to values below
50 nm ensuring a good addressability of the SCQDs [28].
Furthermore, device alignment of the micropillar devices
was investigated on overgrown samples. The micropil-
lar devices and the QD nucleation centres were aligned
with respect to the same alignment marks on the sam-
ple in the subsequent processing steps. As the thickness
of the top DBR section with 12 mirror pairs amounts
to 2 pm, the alignment marks slightly smear out after
overgrowth (Fig. 3a). This makes the integration pro-
cess much more challenging for micropillar cavities com-
pared to photonic crystal cavities which has consequently
been demonstrated beforehand [40]. Yet, the smeared
out alignment marks were still detectable in the e-beam
system, but the alignment accuracy was decreased to a
value of £100 nm (Fig. 3b). Taking this accuracy into
account we aligned micropillar cavities with diameters of
down to 1 um with respect to the QDs. Each micropillar
contains a single stack of three spectrally detuned InAs
layers, one of which finds it shows PL emission line in the
spectral range around 950-970 nm and was envisaged for
further experiments.
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Figure 4a shows spectra recorded under varying ex-
citations. The spectrally detuned QD1 is shifted to an
emission wavelength of 929 nm by partial capping and
in situ annealing during growth. QD2 was not annealed
within the QD stack, hence the emission is shifted to the
red side. In the presented device, the emission lines at-
tributed to QD2 could be brought in resonance with the
cavity mode and therefore their intensity is brighter due
to the Purcell effect.
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Fig. 4. (a) Excitation series of a site controlled quan-

tum dot stack (QD2 and QD1 in subsequent layers) on
resonance with a micropillar cavity mode. (b) Compari-
son of the emission intensities with the SCQD tuned on-
and off resonance. Inset: pulsed g(®(0) measurement
with the SCQD on resonance with the cavity mode.

The integrated intensities of this QD when tuned on
and off resonance are compared in Fig. 4b. Obviously,
when the SCQD is off resonance at 10 K, the emission
saturates at a level which is reduced by a factor of 2.5
when compared to the on resonance case. This indicates
the accomplished spectral coupling of the SCQD with the
cavity mode.

On resonance, photon correlation measurements were
performed at a Hanbury-Brown and Twiss setup to probe
the feasibility to operate the system as a triggered source
of single photons. The QD was excited above the GaAs
band edge by a pulsed titan-sapphire laser.

The photon statistics of the system is shown in the
inset of Fig. 4b, clearly pointing out the reduced peak at
zero time delay. The ¢(?(0) value was extracted to be
0.12, proving the single photon emission behavior of the
coupled SCQD-resonator system.

In order to reach the regime of strong coupling with
those kind of positioned quantum dots, the optical purity
of the QD emitters must be improved as typically the sin-
gle QD linewidth of site controlled QDs grown on GaAs
etched nanoholes exceeds the herewith presented values
for the vacuum Rabi splitting energies. Record linewidth
for SCQDs down to values of 18 ueV have, however, very
recently been published [41] which is an encouraging re-
sult towards the scalable and deterministic realization of
strongly coupled SCQD resonators.

3. Conclusions

CQED experiments with single QDs were performed
in micropillar resonators. The regime of strong light-

-emitter coupling was reached by implementing high os-
cillator strength GalnAs quantum dots in high finesse mi-
cropillar resonators. The QD emission lines were tuned
via several techniques through resonance, namely by tem-
perature, the quantum confined Stark effect and the spec-
tral shift in an external magnetic field. With all employed
techniques, the characteristic anticrossing of exciton and
cavity mode could be observed.

Furthermore, deterministic spatial resonance of single
QDs in micropillars could be reached by combining site
controlled quantum dot growth and device alignment.
The weak coupling regime of a single SCQD and a mod-
erate () cavity mode could be exploited to enhance the
intensity of the SCQD emission line and lead to single
photon emission.
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