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The optical characteristics of vertical cylindrical micropillars with AlGaAs distributed Bragg reflectors and
InAs/GaAs quantum dots, which are designed for the fabrication of single-photon sources, have been stud-
ied. The effect of parameters such as the inclination angle of sidewalls, partial oxidation of AlGaAs layers,
and deviation of quantum dots from the central axis of a micropillar on the Purcell factor and the radiation
extraction efficiency has been numerically simulated by the finite-difference time-domain method. The
allowable ranges of the listed parameters have been determined for cylindrical vertical 920-nm micropillars.
The comparison of the calculations performed with the refined refractive indices of the used materials at
cryogenic temperatures with the measured characteristics of the fabricated micropillar structures has con-

firmed the adequacy of the used models.
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Cylindrical micropillars (CMPs) with semicon-
ductor quantum dots (QDs) underlie one of the most
promising variants of the implementation of single-
photon sources for future quantum cryptography sys-
tems [1] and quantum computing [2]. A basic element
of CMPs is a microcylinder with a characteristic diam-
eter of 1—4 um, which is made of an epitaxial hetero-
structure with two distributed Bragg reflectors
between which a GaAs micropillar including a layer of
InAs/GaAs QDs with a low surface density is placed
[3]. Distributed Bragg reflectors consist of alternating
quarter-wave AlGaAs layers with high and low Al con-
tents; self-organization effects in InGaAs/GaAs het-
erostructures were used to form QDs [4]. The optimal
CMP has a strictly cylindrical shape and smooth ver-
tical walls [5]. It is assumed that an emitting element
(QD) is located at the geometric center of an optical
microcavity and the radiation wavelength of the QD
coincides with the resonance wavelength. Modern
epitaxial equipment and careful calibration of growth
parameters allow one to ensure the achievement of the
designed thickness and composition of epitaxial lay-
ers, as well the positioning of the plane with QDs, with
an accuracy of ~1% or better [6]. At the same time, a
possible inclination of sidewalls of the microcylinder,
roughness of its surface, partial local oxidation of
AlGaAs layers with a high Al content, and the devia-

613

tion of the emitting QD from the vertical axis of the
micropillar should be taken into account when imple-
menting CMPs with QDs [7]. It is relevant to study the
effect of the listed factors on the optical characteristics
of CMPs with QDs and the expected characteristics of
single-photon sources based on them.

In this work, the effect of the inclination of side-
walls, partial oxidation of AlGaAs layers, and devia-
tion of the quantum dot from the central axis of the
micropillar on the main optical characteristics of
CM Ps functioning as single-photon sources at a wave-
length of about 920 nm is numerically simulated. The
experimental studies of the optical characteristics of
fabricated CMPs and the calculations performed with
the refined refractive indices of the used materials at
cryogenic temperatures are comparatively analyzed.

We comparatively examined CMPs fabricated by
means of photolithography and plasmochemical etch-
ing from heterostructures grown by molecular-beam
epitaxy on GaAs substrates [8]. Heterostructures
included two distributed Bragg reflectors consisting of
a set of pairs of Al ¢Ga, ;As/GaAs layers each with a
thickness of A/(4n), where A is the resonance wave-
length and # is the refractive index of the respective
material. A GaAs resonance layer with a thickness of
A/nwith a layer of InAs QDs with a low surface density
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Fig. 1. (a, b) Refined temperature dependences of the refractive indices of (a) GaAs and (b) Al gGay ;As. (c) Temperature depen-
dence of the spectral position of the fundamental mode of the planar heterostructure of the micropillar according to the (line)

simulation and (half-filled squares) experiment.

(~(1=2) x 10° cm~?) was sandwiched between distrib-
uted Bragg reflectors. The upper and lower distributed
Bragg reflectors in structures under study contained
15 and 28 pairs of quarter-wave layers, respectively.
The parameters of distributed Bragg reflectors were
chosen in such a way as to significantly increase the
spontaneous emission rate in QDs owing to the Pur-
cell effect and to keep a sufficiently high radiation
extraction efficiency [9, 10]. This design was used in
all model calculations.

To compare the calculations with experimental
data, we measured both spectra of optical reflection of
initial planar heterostructures and microreflection
spectra from individual CMPs with different inclina-
tion angles of the walls of the cylinder and different top
diameters varying in different structures from 1.8 to
4.6 um. Microreflection spectra were measured in a
microscope system based on a liquid helium flow
microcryostat with low-temperature three-coordinate
piezoelectric stages, which ensured an adjustment
accuracy of about 20 nm [8].

Efficient single-photon generation requires the
cooling of the emitting CMP to cryogenic tempera-
tures of <20 K. For this reason, the appropriate choice
of the refractive indices of Al ¢Ga,;As and GaAs lay-
ers in the spectral region of interest at these tempera-
tures is crucially important for the simulation of the
parameters of CMPs. The refined temperature depen-

dences of the refractive indices were obtained by com-
paring the calculations and the measured temperature
dependence of the resonance wavelength in the initial
planar microcavity heterostructure used to fabricate
arrays of CMPs. The position of resonance was deter-
mined from the simulation of reflection spectra from
the planar heterostructure by the transfer matrix
method. The measured dependences could not be
adequately described within the previously proposed
model of the temperature dependence of refractive
indices [11], which is based on the linear extrapolation
of experimental data obtained near room temperature.
To reproduce experimental data at cryogenic tempera-
tures, we proposed refined polynomial temperature
dependences of the refractive indices of GaAs and
Al ¢Ga,,As layers, which are plotted in Figs. laand 1b.

To simulate the optical characteristics of CMPs
with QDs, we numerically solved Maxwell’s equations
using the finite-difference time-domain method [12].
The practical implementation of this method involves
the problem of the inaccurate mapping of the interface
between two media to the computational grid. The
staircase effect distorts the curved interface geometri-
cally mismatched with the computational grid and
thereby reduces the accuracy of calculations with the
finite-difference time-domain method. To solve this
problem without a significant increase in computa-
tional resources, we introduced an effective dielectric
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constant near the interface between two materials [ 13]
and approximated the single InAs QD (radiation
source) by a dipole located in the central GaAs plane
of the active region of the CMP between two
Aly ¢Ga, ;As/GaAs distributed Bragg reflectors. To
calculate reflection and transmission spectra, a
detecting rectangular parallelepiped was formed
around the CMP; its faces were used to determine the
fractions of radiation emitted by the source in the
upward, downward, and sideward directions. The
determined electric and magnetic fields on detecting
surfaces were transformed to the frequency represen-
tation with the discrete Fourier transform. Further,
using the calculated Poynting vector as a function of
time, we determined the average flux of the electro-
magnetic energy through each detecting surface.
Dividing the determined flux by the dipole excitation
pulse power, we calculated reflection and transmis-
sion spectra of interest using the proposed refined
temperature dependences of the refractive indices of
GaAs and Al ¢Ga, ;As layers.

Reflection spectra of an array of CMPs were mea-
sured at a temperature of 9 K; the exact geometrical
sizes and wall inclination angle were determined from
scanning electron microscopy data. The spectral posi-
tions of resonance peaks corresponding to the two first
modes of the micropillar (LPO1 and LP02) and their
dependences on the measured top diameter of the
CMP were determined from the measured reflection
spectra. Figure 2 shows the dependence of the spectral
positions of resonance peaks corresponding to the two
first modes of the CMP on the top diameter according
to (squares and triangles) the experimental data
obtained with a sidewall inclination angle of 3.5° and
(lines) simulation with a sidewall inclination angle of
(dash-dotted lines) 0° and (dashed lines) 3.5°. It is
seen that the difference between the experimental data
and simulation results for a sidewall inclination angle
of 3.5° is less than 3%, which confirms the adequacy
of the developed model.

The photon extraction efficiency (PEE), the Pur-
cell factor Fp, and the Q factor of the micropillar are
the most important optical characteristics for the
application of CMPs as single-photon sources. In the
calculations by the finite-difference time-domain
method, the PEE was estimated as the ratio of the
electromagnetic energy flux through the upper detect-
ing surface to the total flux emitted by the dipole. The
Purcell factor was determined as the ratio of the Q fac-
tor of the micropillar to the volume of its optical mode
V,, with an additional coefficient according to [14].
The Q factor of the micropillar was taken as the ratio
of the wavelength of the fundamental mode wave-
length to the FWHM of the resonance peak.

The effect of different factors was analyzed in detail
for the CMP with a diameter of 2.5 um, which is close
to the optimal value ensuring the maximum product of
the PEE and the Purcell factor, which is confirmed by
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Fig. 2. Spectral positions of the resonance peaks for the
first two modes LP0O1 and LPO02 of the cylindrical micro-
pillar versus the top diameter of the micropillar according
to (squares and triangles) the experimental data obtained
from the measured reflection spectra, (dash-dotted lines)
the simulation of the cylindrical micropillar with vertical
walls, and (dashed lines) the simulation of the cylindrical
micropillar with the sidewall inclination angle of 3.5°; the
long dashed and dash-dotted lines and the short dashed
and dash-dotted lines correspond to the LP01 and LP02

modes, respectively.

the results reported in [15]. All calculations were per-
formed for a working temperature of 9 K.

To evaluate the effect of the inclination of the side-
walls of the CMP on the input of the radiation from
the single-photon source in an optic fiber, we analyzed
the photon collection efficiency in a given aperture
angle, which was calculated as the ratio of the dipole
radiation power in the far field in the given aperture
angle to the total radiation power emitted in the upper
hemisphere. Figure 3a presents the calculated photon
collection efficiency as a function of the numerical
aperture for the CMP with a top diameter of 2.5 um
either (solid line) with the vertical walls or (dashed
line) with a sidewall inclination angle of 3.5°. Accord-
ing to the corresponding measurements, the single-
photon collection efficiency is the same for objectives
with numerical apertures NA = 0.7 and 0.45. This
conclusion is in good agreement with the calculations
according to which the photon collection efficiencies
for the CMP with a sidewall inclination angle of 3.5°
for numerical apertures NA = 0.7 and 0.45 differ by no
more than 2%.

To estimate the effect of the lateral deviation of the
QD from the vertical axis of the CMP, we calculated
the Purcell factor and the photon extraction efficiency
for two CMPs with a top diameter of 2.5 um, with ver-
tical and inclined sidewalls, and with different posi-
tions of the radiation source (see Fig. 3b). It is seen
that the PEE decreases by 20% when the dipole devi-
ates by 830 and 910 nm from the vertical axis of the
CMPs with the vertical sidewalls and sidewalls
inclined by 3.5°, respectively. However, the require-
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Fig. 3. Calculated optical characteristics of cylindrical micropillars with a top diameter of 2.5 um. (a) Photon collection efficiency
versus the aperture angle for (solid line) the micropillar with the vertical walls and (dashed line) the micropillar with the sidewall
inclination angle of 3.5°. (b) Purcell factor and the photon extraction efficiency versus the lateral shift of the emitting dipole from
the vertical axis of the cylindrical micropillar in units of the maximum values of the respective parameters at the position of the

dipole exactly on the central axis of the micropillar.

ment that Fp should be no less than 80% of its maxi-
mum value imposes a more stringent constraint on the
maximum allowed deviation of the emitting dipole
from the central position. This deviation for the CMPs
with the vertical sidewalls and sidewalls inclined by
3.5° should be no more than 350 and 400 nm, respec-
tively. This difference is explained by an increase in the
effective volume V., of the mode of the micropillar
with an increase in the inclination angle of the side-
walls of the CMP, which leads to an increase in the
allowed deviation of the dipole from the vertical axis at
which the Purcell factor F» and PEE are no less than
80% of the respective maximum values. Thus, the
Purcell factor Fp and PEE no less than 80% of the
respective maximum values for the CMP with inclined
walls and a top diameter 2.5 um can be ensured if the
QD deviates from the vertical axis of the micropillar by
no more than 0.4 pm.

The fabrication of CM Ps for single-photon sources
can also be accompanied by the partial lateral oxida-
tion of Aly ¢Ga, ;As layers with a high Al content in the
absence of the protection of the surface. Such an
uncontrolled and comparatively slow oxidation leads
to the formation of an oxide layer with the refractive
index close to 1.6. As a result, local regions with a large

jump of the refractive index are formed near the sur-
face of sidewalls and can be responsible for additional
optical losses because of radiation scattering. To deter-
mine the effect of this process on the optical properties
of CMPs under study, we simulated CMPs with
Aly ¢Ga, As layers oxidized to 200 nm in the lateral
direction from the surface of the walls of the microcyl-
inder. A variant with the protective polyamide coating
of the side surface to prevent oxidation and to ensure
time-stable characteristics of single-photon sources
was also simulated for comparison.

The results of calculations for the considered
CMPs are summarized in Table 1. The microcylinder
with perfectly vertical smooth walls was considered as
an ideal CMP whose optical characteristics were com-
pared with those of other variants. The dipole collec-
tion efficiency in the numerical aperture NA = 0.42
for the micropillar with vertical sidewalls and
AlyoGay As layers laterally oxidized to a depth of
200 nm decreases from 74 to 67%. Simultaneously, the
Purcell factor Fp increases from 11.2 to 13.6 and the
wavelength of radiation decreases by 1 nm because of
a decrease in V,, of the micropillar. The calculations
for the structure with a sidewall inclination angle of
3.5°%indicate a further decrease in the dipole collection
efficiency in the numerical aperture NA = 0.42 to
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Table 1. Results of the calculation of the effect of the inclination of the walls, side oxidation of AlGaAs layers and the pro-
tective coating of the cylindrical micropillar on the optical characteristics of the fundamental mode of the LP0O1 micropillar

with a top diameter of 2.5 um

P Dipole collection Dipole collection
urcell .. ..
A (nm) | Q factor factor Fp efficiency at efficiency at Comments
NA =1 (%) NA =0.42 (%)
913.8 5645 11.2 80.6 74.1 Perfectly vertical walls
912.9 5109 13.6 79.6 66.8 Perfectly vertical walls + AlGaAs layers
oxidized to 200 nm
914.4 4620 8.9 64 61.3 Wall inclination angle of 3.5°
912.9 4965 12 78.2 63.9 Perfectly vertical walls + AlGaAs layers
oxidized to 200 nm + protective
polyamide
913.8 5633 10.6 84 78.2 Perfectly vertical walls + polyamide
on the side
914.4 4572 8.6 67 63.2 Wall inclination angle of 3.5° +
protective polyamide

61%, a decrease in the Purcell factor Fp to 8.9, and an
increase in the wavelength of radiation by 1 nm
because of an increase in V,, of the micropillar. The
optically transparent protective polyamide coating
with a refractive index of 1.5 for considered CMPs
does not significantly worsen the main optical charac-
teristics. The optical characteristics of the CMP with
vertical walls and the protective polyamide coating
only on the side surfaces of the micropillar are close to
the ideal case; their long-term stability can be
expected because oxidation is absent.

To summarize, the optical characteristics of cylin-
drical micropillars with AlGaAs distributed Bragg
reflectors and InAs/GaAs quantum dots have been
experimentally studied and numerically simulated.
The measured spectra of optical reflection from planar
micropillar heterostructures have been used to refine
the temperature dependences of the refractive indices
of used materials that ensure the necessary accuracy of
simulation at cryogenic temperatures. The effect of
the inclination of sidewalls, the partial oxidation of
AlGaAs layers, and the position of the quantum dot
with respect to the central axis of the micropillar on
the main optical characteristics of the cylindrical
micropillar emitting at a wavelength of 920 nm at
cryogenic temperatures has been analyzed quantita-
tively. It has been shown that the Purcell factor and the
upward emitted dipole radiation fraction for cylindri-
cal micropillars with a sidewall inclination angle of 0°
(perfectly vertical walls) to 3.5° are no less than 80% of
their maximum values if the emitted quantum dot
does not deviate from the vertical axis of the micropil-
lar by more than 0.4 um. It has been demonstrated that
optically transparent polyamide can be used without
significant worsening of the main optical characteris-
tics as a protective coating of sidewalls to fabricate sin-
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gle-photon sources based on cylindrical micropillars
with stable characteristics.
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