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ABSTRACT We present a micropillar cavity where nondesired radial emission
is inhibited. The photonic confinement in such a structure is improved by
implementation of an additional concentric radial-distributed Bragg reflector.
Such a reflector increases the reflectivity in all directions perpendicular to the
micropillar axis from a typical value of 15—31% to above 98%. An inhibition of

the spontaneous emission of off-resonant excitonic states of quantum dots
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embedded in the microcavity is revealed by time-resolved experiments. It proves

a decreased density of photonic states related to unwanted radial leakage of
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photons out of the micropillar. For on-resonance conditions, we find that the dot emission rate is increased, evidencing the Purcell enhancement of

spontaneous emission. The proposed design can increase the efficiency of single-photon sources and bring to micropillar cavities the functionalities based

on lengthened decay times.
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Purcell effect

he need for manipulating light emis-
Tsion and propagation has stimulated

the development of photonic struc-
tures. The main challenge is to achieve
control over the spontaneous emission
(SE), specifically to inhibit it when it is not
desired and redistribute it into useful forms.
In particular itis desired to extract efficiently
light emitted from a single quantum dot
(QD). Such control is crucial for the applica-
tion of QDs as sources of single photons'
and entangled photon pairs.? Extraction is
an issue for QDs embedded in a bulk semi-
conductor, because only a few percent of
the emitted photons can be collected by the
experimental setup. Yet, various techniques
of fabrication of the photonic environment
allow for increasing the probability of ex-
tracting photons from the sample. A few of
the best known examples are antireflection
coatings,® photonic nanowires implementing
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either conical tapering*® or inverted conical
tapering (“trumpet”),”® and back mirrors.>%°
Finally, micropillar cavities'® not only offer
good extraction of photons from the structure
but also strongly influence the emission prop-
erties of QDs due to the Purcell effect.’

In a micropillar cavity light is confined
in the vertical direction by upper and lower
distributed Bragg reflectors (DBRs). In the hor-
izontal direction it is confined only by the
micropillar walls with a high refractive index
contrast between the semiconductor and the
air. Micropillar cavities are characterized by
relatively low mode volumes and high quality
factors, which, combined with a method of
deterministic preparation of coupled cavity—
dot devices,'* make such cavities one of the
best candidates for both applications and fun-
damental research into light—matter coupling.

In any type of application, the bright-
ness of a coupled micropillar—quantum
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dot device should be as high as possible. Brightness is
defined by the number of collected photons in the first
lens of the detection setup per excitation pulse. It is
proportional to the emission rate of the dot within the
guided mode and inversely proportional to the emis-
sion rate into the other, leaky decay channels. The
fraction of photons emitted into the mode equals 3 =
Fo/(Fp + G), where Fp is the Purcell factor related to the
mode and G is the emission rate into other modes. It
has recently been proven that a quantum dot in a
micropillar device can achieve brightness values as
high as 80%'" due to a highly directional emission
profile and the Purcell effect.’® For standard micro-
pillars, where G equals 1, the 80% is close to the
theoretical maximum value of brightness."" Further
improvement of this value requires a new approach
to the design of micropillar structures.

Whereas for standard micropillar structures the reflec-
tivity of DBRs used for vertical confinement can easily
reach over 99%,'* the radial reflectivity equals only about
31% (for typical GaAs-based micropillars) or even less,
depending on the semiconductor—air refractive index
step. As a consequence, the QD emission is lost through
the sidewalls. This transverse emission, commonly de-
scribed as “leaky” emission, has a great effect on the
micropillar's performance. It is a channel through which
emitters in micropillars emit photons even if the emission
energy is not a resonant energy of the micropillar. As
observed for edge emission from planar cavities,'” this
channel is so effective that no inhibition of the emission is
observed for detuned emitters.'®'® Leaky modes also
deteriorate the efficiency of single-photon sources, as
their presence prevents the emitter from coupling
100% into the desired mode. For these reasons an
inhibition of the unwanted emission into leaky
modes, which outcouples QD emission in the un-
desirable planar direction, is one of the major chal-
lenges in the micropillar-based cavity technology.

The inhibition of spontaneous emission was first
demonstrated for Rydberg atoms'® in a microwave
cavity. For solid-state emitters three-dimensional di-
electric periodic structures were proposed,® and such
structures were used to inhibit the emission of QDs.?’
Strong inhibition was also demonstrated in photonic
nanowires*? and for confined Tamm plasmon modes
under metallic microdisks.>® For micropillar cavities it
has been shown that the photonic band gap for the
light outcoupling in the transverse directions can be
strongly enhanced by means of a silver coating of the
micropillars.>* Suppression of coupling to leaky modes
and a large increase in acceleration of the spontaneous
emission of QDs resonant with the cavity modes have
also been demonstrated for metal-coated micropillars.?®
However, due to losses induced by the metallic coating,
this technique is not considered optimal. Furthermore, it
does not allow for electrical contacting of micropillars
using the existing schemes of contact deposition.?
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Figure 1. Scheme of a micropillar with a radial DBR. The
micropillar is the core of the structure and is coated with
cylindrical shell layers constituting a radial-trench DBR.

In the present work, we propose an approach based
on coating micropillars with oxide-based radial DBRs?’
assuring over 98% reflectivity?® in order to effectively
suppress emission into leaky modes of the coupled
QD—micropillar device? (see Figure 1). The presented
method is expected to facilitate the construction of
future ultrabright light sources approaching the ulti-
mate 100% limit of photon extraction efficiency.

RESULTS AND DISCUSSION

The method of coating with radial DBRs,?” which can
be applied to any semiconductor system, is demon-
strated for the recently developed ZnTe-based micro-
pillars containing CdTe/ZnTe QDs.'®**3! Both single
QD lines and cavity modes were successfully identified
in such structures, >3 and modes with quality factors
of up to 3700 were observed.>* Recently a Purcell en-
hancement of emission was demonstrated for a QD at
resonance with such a micropillar mode.'®

We prepared a series of ZnTe-based micropillars (for
more details see the Methods section). The distribution
of the QDs inside each pillar is purely statistical. How-
ever, we have obtained several micropillars with ex-
actly one QD emitting in the spectral range close to the
fundamental mode. This allows us to investigate ef-
fects resulting from the coupling of a single QD line
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Figure 2. Scanning electron microscope images of micro-
pillars. (a) Micropillar after oblique incidence pulsed laser
deposition coating; (b, c) cross-section of a micropillar show-
ing the smooth interface between the micropillar and the
radial coating; (d) top of the micropillar during the removal
process; (e) top surface of the final micropillar structure
showing a cross-section of the radial coating layers.

with a single cavity mode. We also obtained a number
of pillars with an increased number of QDs in the range
of energies corresponding to micropillar eigenmodes,
which enables to investigate spectral characteristics of
these modes.'® Detailed optical characterization of the
micropillars is presented in the Supporting Information.

The micropillars were coated with a shell of radial
DBRs (see Figure 2) by means of oblique incidence
pulsed laser deposition (OIPLD).?” In order to obtain a
homogeneous concentric coating of the micropillars,
the plasma plume axis was tilted by about 30° with
respect to the normal of the rotated substrate. The
DBRs consist of 10 pairs of alternating Al,O5 and yttria-
stabilized zirconia (YSZ) layers. The ceramic targets
were ablated using a pulsed KrF excimer laser at
248 nm with a pulse duration of 25 ns and a fluence
of about 2 J/cm? at a repetition rate of 15 Hz. Both
materials were deposited at a substrate temperature of
about 150 °C and an oxygen partial pressure of 0.002
mbar. This relatively low substrate temperature leads
to amorphous but smooth DBR layers. The refractive
index contrast of the two materials used is about
0.5 (at the investigated wavelengths: n(Al,O3) = 1.7
and n(YSZ) = 2.2),% leading to a stopband width of the
DBR of about 400 meV. With 10 layer pairs the max-
imum reflectivity amounts to 98.7% at the center of the
stopband at 2.2 eV, as deduced from planar samples by
means of spectroscopic ellipsometry. This stopband
covers the whole range of emission of the ensemble of
QDs. During the process a planar DBR grows between
the micropillars; however it does not influence the
investigated properties of the micropillars.

In order to avoid destructive optical interference in
the top layers deposited by OIPLD, the upper part of
the coating, a sort of cap on top of the micropillars, has
to be removed. Such capping has undesired optical
properties, as it deflects luminescence back down-
ward, which was confirmed by low luminescence
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intensity in experiments on micropillars after OIPLD
(not shown). The caps were removed by a focused ion
beam (FIB) in a configuration where the beam is
perpendicular to the axis of the micropillars (see
Figure 2d). This enables precise removal of the cap
down to the top layer of the initially uncoated micro-
pillar (see Figure 2e).

A photoresist layer on top of the micropillar, which
can be seen in Figure 2b, results from an optional two-
step etching procedure of the initial micropillars de-
scribed in ref 15.

The additional layers deposited on the planar sam-
ple mostly peeled off (see Figure 2a, peeling of layer
behind the micropillar cavity), while all the coating
on the micropillars proved to be stable and durable
despite repetitive cooling and possible temperature
gradients induced by laser excitation of the micropil-
lars during spectroscopic experiments. The deposited
material might introduce compressive or tensile strain
on the micropillars®> depending on the relative ther-
mal expansion coefficients, but no signature of such
influence was observed in our experiments.

Longitudinal and cross-sectional cuts of the coated
micropillars reveal the high structural quality of the
radial DBR. The scanning electron microscope (SEM)
pictures of the two surfaces depicted in Figure 2b, c,
and e reveal homogeneous layers with smooth inter-
faces. The designed thicknesses of a DBR layer pair was
157.5 nm, and the value measured with SEM equals
156.2 £ 7.1 nm. On very few micropillars an inhomo-
geneity of the radial layer thickness is revealed in
horizontal cross-sections, and an example is presented
in Figure 2e. Such inhomogeneity may be related
to imperfections in the growth of the polycrystalline
material or contamination of the sample during the
transfer between consecutive technological steps.
As discussed later, it may degrade the quality factor
of microcavity modes in micropillars featuring such
inhomogeneity.

The micropillars were characterized by spectro-
scopic methods before and after the deposition of
radial DBRs. In both cases, at lower temperatures,
single QD emission lines were observed. At tempera-
tures of several tens of kelvins, in micropillars with a
high number of QDs emitting in the spectral range of
the modes, the broadened spectral emission of this
ensemble of QDs served as an internal light, revealing
eigenmodes due to the photonic confinement'® (see
the Supporting Information).

In order to asses the influence of radial DBR on the
optical characteristics of the micropillars, we have
determined the quality factor of the fundamental
mode for both types of structures. The photolumines-
cence spectra were collected at a temperature of 70 K
and at relatively high optical excitation power. This sets
optimal conditions for determination of the quality
factor.3*3% In the case of investigated structures the
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Figure 3. Quality factors of selected micropillars before and
after deposition of radial DBR.

spectral density of QD emission was optimized for
experiments on investigations of single QD emission
lines in the spectral vicinity of modes. Only for selected
micropillars was the emission background of QDs
uniform enough for determining the optical mode
quality factor (spectra are presented in the Supporting
Information). Determined quality factors are presented
in Figure 3. For micropillars without radial DBR we
observe a typical behavior: the quality factor decreases
for small diameters due to sidewall scattering.?” Inde-
pendent from this trend we observe also an oscillatory
behavior of the quality factor. This is also expected for
micropillar structures and results mainly from the
hybrid character of the cavity mode in the small
diameter limit.>® The guided modes of the microcavity
layer couple to modes with different numbers of radial
and azimuthal nodes in the DBRs.3® Such behavior was
observed also in other material systems. 3% In the case
of micropillars investigated in the presented work, for
micropillars with a diameter of 1.5 um the quality factor
features a local maximum, which was also observed in
previous series of such micropillars.>*

For micropillars with a diameter of 1.5 um used in
our experiments the achieved value above 2000 is a
standard value obtained in this material system.>* The
origin of the low quality factor obtained for larger
diameters remains unclear; however minor mistakes
during the production process using FIB may cause
significant lowering of the quality factor, and the
number of micropillars is too low to draw unambig-
uous conclusions.

For most of the investigated micropillars the quality
factor did not significantly change after introduction of
radial DBR. Significant changes are observed in the
case of micropillars with a diameter of 3 um. The origin
of this difference is unknown and requires further
investigations, also including numerical simulations.

An important conclusion is that the radial DBR seems
not to be an important source of additional losses for
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micropillars of small diameter. In our previous
investigations®* we determined that micropillars with
diameters of 1.5 um or smaller are best suited for
modifying QD luminescence due to the maximum of
the Purcell factor for this diameter.

To prove that the radial DBR inhibits the emission
into the continuum of radial leaky modes, we investi-
gated the emission dynamics of the QDs, looking for an
increase of the exciton decay time at off-resonance
from the cavity modes. Such prolongation, as was
mentioned before, is not observed in standard micro-
pillars. For details on the time-resolved experiment see
the Methods section.

Our previous studies have shown that the investi-
gated micropillars exhibit a nondegenerate emission
of the fundamental mode, which is presumably due to
an anisotropy of the refractive index. The fundamental
mode energy depends on the orientation of its electric
field with a splitting of around 1 meV between the two
perpendicular directions, denoted in this paper as
polarization X and Y. We used polarization optics in
the detection path of the spectroscopic setup to
selectively detect photoluminescence related to the
investigated mode.

The excitonic emission energy of QDs depends
more strongly on the temperature than the energy of
the photonic mode and allows spectral tuning of the
energy difference,*' as shown in Figure 4a. We selected
a micropillar of 1.5 um diameter (diameter before the
radial coating) with radial DBR, where the QD emis-
sion line, labeled QD 1, is at resonance with one of the
two states of the fundamental mode of the cavity at a
temperature equal to 31 K (X polarization) and with the
second one at 19 K (Y polarization).

In the spectral vicinity of the mode there were also
other QD emission lines detuned from the micropillar
mode in the range from 5 to 80 K (two lines labeled
QD 2 and one line labeled QD 3), which served as a
reference in the experiment. The attribution of all the
emission lines (QD 1, 2, and 3), as related to exciton or
charged exciton recombination, was based on an experi-
ment with varying excitation power (not shown). The
studied lines 1, 2, and 3, when detuned from the cavity
mode, show similar dependence of their intensity vs
excitation power. Some other emission lines increase
faster in intensity when increasing the excitation power,
and therefore those other lines can be attributed to
higher excitonic complexes (e.g., biexciton). Whether
the investigated lines are related to exciton or charged
exciton recombination is not relevant in the shown
experiments, as both have similar decay dynamics.

Cavity and emitter parameters indicate that the sys-
tem can be described in the weak coupling regime'’
(indeed there is no Rabi splitting in the photolumines-
cence spectra). We have investigated the dynamics of
the emission lines 1, 2, and 3 by analyzing the temporal
profile of their luminescence for various temperatures.
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Figure 4. (a) Superposition of two polarization-resolved maps of photoluminescence spectra vs temperature (in false color
scale) of the 1.5 um micropillar. Linear polarization is encoded in color, blue (X polarization) and red (Y polarization), and the
signal strength is encoded as saturation of the color. (b) Selected decay curves of the QD emission lines collected at various
temperatures (detunings) are presented together with exponential fits. The plots are vertically shifted for clarity. (c) Decay
times for the QDs in the cavity are shown as a function of detuning. The shaded area marks typical CdTe/ZnTe QD exciton
decay time range for QDs without the photonic environment and for QDs in uncoated micropillars out of resonance with
cavity modes. The analyzed micropillar has a diameter of 1.5 um, not including the coating. Additionally the decay time of a
reference QD in bulk semiconductor is presented as a function of temperature.

First, we integrated the time-resolved photolumi-
nescence in a 1 meV energy window around the
QDs' emission lines. In principle, the decay profiles
are expected to be described by more complicated
functions than the monoexponential one.*? This is
because the CdTe/ZnTe quantum dots are known
to show consequences of the single carrier capture
after excitation by a laser with an energy above the
energy gap of the barrier material.**** Also tunneling
of excitons between dots should lead to slower decay
rates.*® Such slower processes are particularly visible in
our experimental data when the fast decay time is
short. Our experimental data do not allow determining
all details of the complex decay process; however we
are convinced that the main fast component at the
decay is related to the dipolar radiative recombination
of the exciton state formed by the fast initial relaxa-
tion, which takes place in tens of picoseconds and is
seen as a rise time. Compared to monoexponential, fitting
biexponential functions yields times different by only 5%
for emitters out of resonance. For resonance condition,
however, the change is more important. For instance, in
the case of Y-polarized emission it leads to a value of 77 ps
(the fast decay component) instead of 147 ps. This range
of times gives in our opinion uncertainty of the determi-
nation of the radiative decay time in the condition of the
resonance. We preferred to remain cautious and have
chosen the average value for the later analysis keeping in
mind significant experimental uncertainty.

The presence of a dark exciton state might also
contribute in the slow decay time, but in CdTe/ZnTe
dots it was shown to be negligible at the lower tem-
perature range,*® for which we see the resonant short-
ening of the decay time.

The decay times obtained in the described fitting
procedure are shown in Figure 4c. The expected
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lifetime for an exciton (or charged exciton) in CdTe
QDs embedded in a standard ZnTe matrix lies in the
range between 340 and 450 ps.'®*? It is clearly visible
that the decay of the QD 1 line in resonance with the
photonic mode is significantly faster, while the off-
resonant emission of all the lines is much longer.

To confirm that the change in the decay time is not
related to the temperature variation, we performed
a similar experiment on a reference exciton line and
used QDs in an unstructured environment (the refer-
ence sample; for details see the Methods section). A
constant value of the decay time of around 422 ps was
obtained. This value is in agreement with results
known for CdTe/ZnTe QDs.*?

One of the terms in the Purcell enhancement factor
of spontaneous emission (see ref 17) accounts for the
orientation of the emitter dipole with regard to the
cavity mode field. In previous reports it was shown that
the polarization of the emission of quantum dots
embedded within the micropillars can be controlled
by coupling it with a polarized photonic mode, such as
the fundamental mode of a micropillar with an ellip-
tical cross-section.*” In such a micropillar also a rotation
of the polarization axis and a change of polarization
degree are observed as the coupling is varied.*®

Decay times of QD 1 in both polarizations feature a
similar pattern when plotted vs temperature. It shows
minima for both of the resonances of the QD with the
two polarizations of the fundamental cavity mode. This
can be explained by assuming that the orientations of
the dipole moments related to the specific spin states
of the QD1 exciton are tilted 45 deg with respect to the
X and Y directions of the modes. Purcell enhancement
of the emission is proportional to the square of the
cosine function of this angle. In the proposed config-
uration the exciton is equally enhanced by both of the
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polarizations when at resonance with each of the
modes.

The QD crosses the higher energy mode at a detun-
ing of around —1 meV (not shown on the map in
Figure 4a). The emission line named QD 1 has decay
dynamics closely related to the detuning from both
of the modes. Departure from the expected shape
(sum of two Lorentz functions) of the decay time vs
detuning*® relation may result from phonon-mediated
emission of the QD—cavity system.>® On the basis of
our previous investigations'® we assume that the
oscillator strength of the QDs is constant over the
temperature range considered here. The shortening
of the decay time at resonance indicates a Purcell
enhancement of the emission.'® For off-resonance,
also in the case of QD 2 and QD 3, a considerable
lengthening of the emission time is apparent com-
pared to QDs in an unstructured environment*® and
standard micropillars.'® We attribute this effect to an
efficient suppression of the nonresonant recombina-
tion channels (i.e., leaky modes) for the QDs.

The factor of inhibition can be written as G =
Treference/Tlong: Where Tong is the long decay time
observed far from resonance, and T eference i the time
measured for a reference exciton in a QD embedded in
a bulk semiconductor matrix. For QD 1 the inhibition
factor has a value of 0.33. The determined value is the
lower bound. In fact, nonradiative decay channels may
be blurring the effect by shortening the observed 7iong.
Possibly, the real impact of the radial-distributed Bragg
reflector on the spontaneous emission of QDs might
be even more pronounced. The micropillar cavity with
QD 1 was selected for the described experiment, as it
shows the most pronounced Purcell enhancement
and inhibition; therefore QD 1 lies probably close to
the micropillar axis, where the fundamental mode has
its largest electric field amplitude. Randomly located
QDs emitting lines labeled QD 2 and QD 3 are pre-
sumably located further from the micropillar axis than
QD emitting line QD 1. As a consequence, they are
more influenced by the nonradiative processes in-
duced by the proximity of the FIB-damaged surface
of the micropillar. The robustness of the effect of spon-
taneous emission inhibition was confirmed by the
lengthened decay time in other micropillars studied in
the experiment (not shown here).

Using finite-difference time-domain simulations Ho
et al®® have calculated the amount of sidewall leakage
in standard micropillars and micropillars with radial
DBR (made of air and AlAs/GaAs). They simulate emis-
sion of a spectrally broad, isotropic emitter placed at
the center of the microcavity. They varied the reflec-
tivity of the upper and lower micropillar DBR and
showed that the sidewall emission intensity drops by
afactor from 0.20 to 0.76 after the introduction of radial
DBRs. This factor is a good measure of the inhibition
expected in our experiment. The factor of inhibition
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depends on the reflectivity of the DBRs, as they deter-
mine the possibility of vertical leakage for off-resonant
emission. The factor 0.33 determined in our experi-
ment is in agreement with these theoretical estima-
tions. The simulations show however that it can attain
higher values. The fact that we do not observe higher
values in our experiment might be related to non-
radiative decay channels at the sidewalls of the
micropillars.

With the experimentally observed decay times we
may determine the Purcell factor characterizing the
investigated system. The Purcell factor might be writ-
ten as'’

Fo = Treference -G 1)
Tresonance
In our experiment the average decay time of the
reference QD is T eference = 422 £ 80 ps, and the decay
time at zero detuning is Tresonance = 122 & 40 ps (we
take the value obtained for Y polarization which is
shorter than the value observed for X polarization).
Thus, we obtain a Purcell factor F=3.4 £+ 1.3.
The calculated Fp and G allow determining the
B factor, which can be written as

B =1 —lremance _ 0.9240.03 )
Tlong

We determine the extraction efficiency of the micro-
pillar, given by the value SQ/Qo, where Qq is the planar
cavity quality factor. From Figure 3 moderate Qq values
can be deduced, which would result in Q/Q, close to
unity and therefore in record extraction efficiency. How-
ever, as measured for another piece of this microcavity
sample the Q, value equals around 4000.3* To avoid
overinterpretation, this is the value that we take for
further calculations. The origin of the moderate Q, value
deduced from Figure 3 remains unknown; however
possible explanations include local sample degradation,
local defects, or poorly calibrated FIB parameters used
during etching of micropillars with large diameters.

The calculated extraction efficiency of the micropil-
lar equals 0.49. Certainly, this is not a record value, but
this results from the moderate Q/Q, parameter of our
recently developed ZnTe-based micropillars. Also, we
preferred to assume the lower value for Q/Q, to avoid
overinterpretation of our experimental data. We are
convinced that by improving this value, e.g., as is
demonstrated in the case of mature technology of
the IlI—V-based micropillars,'" it is possible to obtain
the ultimate brightness discussed in the article.

The radial confinement may introduce additional
scattering losses, and as a result, the Q factor of the
micropillar may be decreased. However, by using
Bloch-wave engineering of the micropillars®' this un-
desired effect can be eliminated.

As the SE in the in-plane direction is forbidden, the
carriers are redistributed to the states with allowed
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recombination channels, i.e., the emission in the ver-
tical direction. This could potentially be very important
for applications in light sources, such as vertical-cavity
surface-emitting lasers. Demonstration of such a hy-
brid approach also broadens the range of tools for
engineering the photonic band gap, which can be used
to tailor the local density of photonic states for all
quantum emitters.

The prolongation of the recombination time is pro-
mising for increasing the time scale for coherent
manipulations of an exciton qubit and lifetime of a
dark exciton. The latter was shown to be limited only by
in-plane (i.e., radial) radiative recombination.*® The
prolongation of its lifetime is desired in possible appli-
cations of this complex as a coherently controlled
qubit.>?

The observation of coherent phenomena requires at
least the feasibility of optical control over spins of
excitons injected in the QD. Creation of such excitons
may be not straightforward in our structures, as they
decouple quantum dots from quasi-resonant light
pulses. However, in the case of the self-assembled
CdTe/ZnTe QDs such control can be experimentally
achieved by different methods. For example, it might
be achieved by utilizing a spin-conserving excitation
transfer between two, spontaneously coupled dots,
which was demonstrated in ref 53. In this approach,
spin-polarized excitons resonantly created in a high-
energy QD are transferred to the second, lower-energy
QD, where finally they recombine. Since the typically
observed energy difference between such dot pairs is
about 200 meV,> the excitonic optical transition in
a high-energy dot may lie outside the microcavity
stopband if the low-energy QD is coupled to the
fundamental cavity mode. Another possibility of spin-
selective optical exctiation of a QD inside a micropillar
is simply related to the excitation of higher-energy

METHODS

Micropillar Cavities. The growth of the planar structure, which
was the basis for the micropillar cavities, was performed by
molecular beam epitaxy. The planar DBR contains ZnTe layers as
the high refractive-index material and a short-period super-
lattice (SL) consisting of MgSe, MgTe, and ZnTe layers as the
low-index material.' For the resonator structure a 20-pair lower
DBR and an 18-pair upper DBR are used, resulting in a high level
of photon confinement within the microcavity due to the
relatively large refractive index step between the two materials
(ns. = 2.5™ and nzqre = 3.0°%). In situ monitoring of the optical
reflectivity during growth enabled good control of the layer
thicknesses. In the center of the cavity, at the designed antinode
position of the electric field, a single layer of CdTe QDs>° was
placed. It was prepared by the amorphous tellurium desorption
method.>® Micropillars with circular cross-sections of diameters
ranging from 0.7 to 5 um were etched by a focused ion beam
out of the planar cavity. Compared to standard micropillar
preparation, the surrounding material was etched over a wider
range and at a deeper level to provide room for the radial
DBR layers deposited on the micropillars in the next step.
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excitonic levels of the same QD. Even though their
energy is likely to be lying inside the stopband, one can
always use sufficiently high excitation power to over-
come this difficulty. Since the excitation energy in such
an approach is well below the barrier energy gap, even
high-power excitation will not cause the creation of
excitons outside of the dot.

The insulating radial DBR, in principle, allows for
electrical contacting of the micropillars (in opposition
to metal-coated micropillars). The wide top surface of
such micropillars is well suited for deposition of a ring-
shaped top electrode using an existing scheme of
micropillar contacting described in ref 26. The proce-
dure and the shape of the electrode have to be
adapted for the geometry of our micropillars.

Our idea is to deposit the contact at the top face of
the radial DBR and put it in contact with the core
micropillar. At the same time the upper aperture of the
core micropillar has to be as large as possible to enable
propagation of the outgoing beam. However challen-
ging, this tasks seems feasible. Electrical carrier injection
into QDs is not possible in metal-coated micropillars.

CONCLUSIONS

In conclusion, we have demonstrated operation of a
new type of micropillar structure in which emission
into the undesired continuum of radial decay channels
has been successfully suppressed, resulting in a de-
crease of the spontaneous emission rate of QDs by a
factor of at least 3. Combined with an enhancement of
the spontaneous emission into the guided mode, this
shows the potential of micropillars with radial DBRs to
achieve a brightness of over 90%. Our study thus sets a
new perspective on the construction of a QD-based
single-photon source reaching ultimate brightness
and providing better control of their spontaneous
emission.

The maximum emission intensity of the ensemble of QDs was
designed to be about 2110 meV, while the cavity thickness
(which defines the planar cavity mode energy) was targeted
at 2050 meV, corresponding to the low-energy tail of the QDs'
ensemble emission. We have fabricated several tens of
micropillars.

FIB milling results in a dead area in the milled specimen,
which may influence the optical properties of the structured
sample. There were several studies examining such a dead
layer.>”*® For the same acceleration voltage as we used to mill
the micropillars (30 keV) the experimentally measured thickness
of the dead layer in lll—-V semiconductors is around 25 nm, if the
material is oriented parallel to the beam.?® This surely influences
the Q factor of the micropillars.

Reference Sample. A reference sample with nominally iden-
tical QDs in a ZnTe bulk matrix (without DBRs) was grown. On
the reference sample mesas of 1 um diameter were etched to
enable spatial selection of single QDs in the spectral range of
interest.

Time-Resolved Spectroscopy. The time-resolved optical mea-
surements were performed using a microphotoluminescence
setup at temperatures ranging from 2 to 70 K. We used a
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microscope objective to focus the excitation laser beam on a
spot with a diameter of less than 2 um. This enabled spatial
selection of single micropillars on the sample. The excitation
beam was delivered from a continuous wave frequency-
doubled YAG laser (532 nm) or frequency-doubled pulsed
titanium-sapphire laser emitting 2 ps pulses at a wavelength
of 405 nm with a repetition rate of 76 MHz. Such wavelengths
are spectrally outside the DBR's stopband. The emitted light was
collected by the same microscope objective. It was then
dispersed by a grating spectrometer and analyzed by a CCD
camera or a SynchroScan Hamamatsu streak camera for time-
resolved signal acquisition with 5 ps resolution.
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