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ABSTRACT

We report on the realization of an array of 28 x 28 mesas with site-controlled InGaAs quantum dots acting as single-photon sources for
potential applications in photonic quantum technology. The site-selective growth of quantum dots is achieved by using the buried stressor
approach where an oxide aperture serves as the nucleation site in the center of each mesa. Spectroscopic maps demonstrate the positioning
of quantum dots with an inhomogeneous broadening of the ensemble emission of only 15.8 meV. Individual quantum dots are characterized
by clean single-quantum-dot spectra with narrow exciton, biexciton, and trion lines, with a best value of 27 yeV and an ensemble average of
120 peV. Beyond that, Hanbury Brown and Twiss and Hong-Ou-Mandel measurements validate the quantum nature of emission in terms of
high single-photon purity and photon indistinguishability with a g® (0) value of (0.026 + 0.026) and a post-selected two-photon interference
visibility V = (87.1 + 9.7)% with an associated coherence time of 7. = (194 + 7) ps.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION

Quantum devices based on self-assembled semiconductor
quantum dots (QDs) are promising building blocks for applica-
tions in photonic quantum technology. ~ Until now, these quan-
tum emitters have been studied mainly regarding their fundamental
optical properties in proof-of-principle experiments, in which they
showed close-to-ideal characteristics in terms of on-demand emis-
sion of indistinguishable photons and entangled photon pairs with
small emission linewidths.” =~ More recently, the application rele-
vance of QD-based single-photon sources (SPS) has been demon-
strated by developing fiber-coupled stand-alone devices.

Interestingly, despite the huge progress in the field, the scalable
fabrication of regular arrays of high-quality QDs as single-photon
emitters still remains a severe technological challenge. Scalability,
which is considered a major benefit of semiconductor devices, has so
far been hindered for single-QD devices by the randomness intro-
duced in the self-assembled Stranski-Krastanow growth process.
In this context, in situ lithography techniques have been developed
and applied to ensure the deterministic integration of single QDs

APL Photon. 5, 096107 (2020); doi: 10.1063/5.0013718
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into quantum light sources with a high process yield. How-
ever, these devices still rely on integrating self-assembled QDs
with random position limiting the scalability of this approach.
To overcome these issues, the site-controlled growth of QDs is
highly attractive as it allows for realizing arrays of single-photon
emitters for large-scale device integration and systems with high
quantum functionality. For instance, they could be used for quan-
tum computing concepts relying on highly ordered QD arrays
as the nanophotonic substrate for a layered quantum computing
architecture.

Several methods for the site-controlled growth of InGaAs QDs
have been developed. These methods include the epitaxial growth
of QDs at the apex of inverted pyramids on GaAs (111), QD
formation on etched nano-hole arrays defined by electron beam
lithography (EBL),” """ and by atomic force microscopy assisted sur-
face oxidation.”” The nano-hole approach has been quite popular
because of its high scalability and its potential for device integra-
tion.”””” However, nano-holes only cause a short range modification
to the chemical potential at the adjacent sample surface, limiting the
thickness of the GaAs buffer between the nano-holes and the QD
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layer to ~20 nm.”** As a consequence, the QDs are in close prox-
imity to defects at the etched surface of the nano-holes leading
to moderate quantum efficiency and pronounced inhomogeneous
broadening of single-QD emission lines even in stacked layers of
site-controlled quantum dots (SCQDs).”**" This problem can be
mediated by introducing thicker buffer layers between the nano-
holes and the SCQDs, however, at the cost of a lower occupation
probability of the pre-defined sites.”’ Another issue of the listed
methods is the need for complex marker-based EBL processing for
deterministic device integration.

In this work, the site-selective growth of high-quality QD arrays
is realized by using the buried stressor approach.””"” In this growth
concept, a buried AlAs layer undergoes wet thermal oxidation to
form Al,Os3, reducing its volume. The partial oxidation of the AlAs
layer leads to a local strain modulation of the surrounding GaAs
layers. As self-assembled QD nucleation in the Stranski-Krastanow
growth mode is strain-driven, the buried stressor structures can
enable deterministic positioning of QDs aligned to oxide apertures
formed during the wet thermal oxidation.

An important advantage of the buried stressor method is the
absence of etched surfaces close to the SCQDs, leading to an optical
quality similar to that of the standard self-assembled InGaAs QDs,
as demonstrated, for instance, in resonance fluorescence experi-
ments.”* Additionally, the UV-lithography based nanostructuring
process preceding the oxidation as well as the oxidation itself are
highly-scalable and can be done simultaneously and time-effectively
on the area of a whole wafer. Furthermore, the oxide aperture is
similar to the ones used in vertical-cavity surface-emitting lasers
and allows for efficient carrier injection via self-aligned upper
contacts.”

Il. METHOD AND SAMPLE TECHNOLOGY

The sample fabrication involves several nanotechnology pro-
cesses and two epitaxial growth steps. First, a template sample is
grown via metal-organic chemical vapor deposition (MOCVD) on
an n-doped GaAs (001) substrate. The layer structure consists of
a 300 nm GaAs buffer layer, followed by nine alternating layers
of 77.8 nm AlgoGag1As and 66.5 nm GaAs, creating a distributed
Bragg reflector (DBR) to increase the photon-extraction efficiency.
A 22 nm GaAs layer is then followed by a 30 nm AlAs layer sand-
wiched between two 45 nm Alg9Gag1As layers including a thin
grading layer to reduce stress. The capping GaAs layer has a thick-
ness of 80 nm. All layers are grown at a temperature of 700°C
and an ambient pressure of 100 mbar. The template then under-
goes cleanroom processing to expose the AlAs layer for wet thermal
oxidation. After thorough surface cleaning, the photo-resist AZ 701
MIR is applied by spin coating. UV lithography is used to pattern
the surface with several fields, each consisting of a 28 x 28 array of
quadratic mesa structures. The size of the mesas varies from field to
field between 19.0 um and 20.9 ym, and the pitch between individ-
ual mesas varies from 30 ym to 60 um. Subsequently, the mesas are
realized by reactive ion etching, which makes the AlAs layer accessi-
ble during the following wet thermal oxidation process, as indicated
in Fig. 1(a).

The oxidation is performed in a vacuum furnace under a pro-
cess atmosphere of nitrogen and water vapor at a temperature of
420°C and a pressure of 50 mbar. The desired aperture size is
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FIG. 1. (a) Schematic of 4 x 4 excerpt from a 28 x 28 mesa array showing the
exposed epitaxial layers after the etching process. Darker shades of gray indicate
higher aluminum contents of the AlGaAs. Superimposed on the mesa surface are
atomic force microscopy (AFM) pictures taken on oxidized mesas with the changes
in surface morphology mirroring the strain field in the mesa center caused by the
oxide aperture. (b) Optical microscopy images of parts of a mesa array taken with
interference contrast after the second MOCVD growth.

achieved through in situ monitoring of the oxidation fronts via a
camera attached to an optical microscope. To stop the oxidation, the
chamber is flooded with nitrogen and the heater is turned off. The
oxidation process takes around 6 min for a 10 gm mesa and 12 min
for a 20 ym mesa. DBR layers that may be exposed by the previous
etching are not affected as they contain less than 95% aluminum.

Before the QD growth, the buried stressor template structure
undergoes a cleaning step in which surface oxides are removed by
dipping in 75% sulfuric acid. This is followed by a second MOCVD
step, in which, first, a second GaAs buffer of 50 nm thickness
is grown. Then, an amount of approximately two monolayers of
Ing4GageAs is deposited at an ambient temperature of 500 °C and
a V/III ratio of 1.3. As the corresponding layer thickness is above
the critical thickness of 1.7 monolayers, self-organized, Stranski-
Krastanov-like formation of QDs occurs on the pre-strained surface
aligned to the buried oxide apertures. After a growth interruption
of 20 s, the QDs are capped with a 1.6 nm thick layer GaAs at a
low V/III ratio of 0.5 before the sample is heated up again to a
temperature of 615°C to add the final 100 nm thick GaAs layer.
A microscopic image of a mesa array with SCQDs is displayed in
Fig. 1(b).

. EXPERIMENTAL SETUP AND OPTICAL
CHARACTERIZATION

Optical device characterization was performed by means of
high resolution micro-photoluminescence (uPL) spectroscopy at
10 K. The sample is placed onto a motorized x-y-z stage with
sub-pum accuracy in each direction. Optical excitation for the pre-
characterization of the arrays is realized by using a HeNe laser emit-
ting at 632 nm, which is focused via a microscope objective (NA
= 0.4) onto the surface of the sample. An additional x-y-z piezo
stage ensures spatial fine adjustment of the microscope objective.
The pPL signal of the mesa structures is then collected by the same
microscope objective and detected via a grating spectrometer with
a spectral resolution of about 30 peV. The setup is automatized
to record the photoluminescence stepwise from a predefined grid
of measurement points. This way, a spectral map is recorded in
which each pixel is associated with the spectral information from
the surface of a targeted mesa in an array.

All 2D pPL map scans were obtained using an excitation power
of 3 yW with an exposure time of 500 ms. Figure 2 shows map
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FIG. 2. uPL intensity maps of a 3 x 3 excerpt of a larger 28 x 28 mesa array. All
maps show the intensity at the emission window of the central QD or QD ensem-
ble (typically 3 nm in the range of 925 nm-938 nm, varying slightly from mesa to
mesa). The edges and the center of each mesa are indicated as well as localized
QD emission. QD emission from a 1.5 um radius from the mesa center is consid-
ered as originating from positioned QDs as this is roughly the extend of the local
strain modulation caused by the oxide aperture. The color scale is logarithmic on a
relative scale with green indicating low and red indicating high emission intensity.

scans from an excerpt of 3 x 3 mesas from the larger 28 x 28
mesa array. To assess the success and accuracy of the QD position-
ing, the emission intensity in a spectral window corresponding to
an emission range between 920 nm and 945 nm is evaluated. The
corresponding intensity maps reveal that every mesa shows emis-
sion from single SCQDs at its center. We would like to point out
that non-deterministic QD nucleation occurs mainly at the mesa
edge due to a similar strain profile to the mesa center as a result
of the surface geometry. The non-positioned QDs that form off-
center on top of the mesa show varying distances from the deter-
ministically positioned ones, but are typically separated by 2 ym
or more from the center. The number of SQQDs was obtained by
counting the number of emission lines observable in the center of
the mesas to account for the possibility that more than one SCQD
could be formed in close vicinity within one “pixel” of the map.
For each QD, we consider two emission lines (X and CX) at low
excitation. Presuming this, we found that about one out of three
mesas contains more than one SCQDs (mostly two, rarely up to four
SCQDs).

To study the emission properties of the SCQDs in more detail,
we take a close look at a mesa in the same array as the 3 x 3 excerpt in
Fig. 2. Figure 3 shows two respective uPL intensity maps with panel
(a) displaying the emission of a deterministically positioned QD in
the center of a mesa (spectral range: 929 nm-931 nm), and panel
(b) showing the intensity of wetting layer emission (spectral range:
900 nm-910 nm). The position of the QD signal is located (500, 750)
nm relative to the mesa center. Interestingly, its position perfectly
correlates with a local minimum in the wetting layer emission inten-
sity. This observation well reflects the fact that the QDs effectively

ARTICLE scitation.org/journal/app

FIG. 3. (a) uPL intensity map of a mesa within QD emission range. (b) uPL intensity
map of the same mesa where the intensity is obtained by integrating over the
emission from the wetting layer, with the same color scale used as in Fig. 2. The
dotted lines indicate the mesa border and the center.

results from a very localized thickness increase of the wetting layer at
its position. Consequently, due to the charge carrier transfer into the
QD potential, the wetting layer signal intensity at the position of the
SCQD decreases. The wetting layer emission, thus, further confirms
the successful positioning.

Figure 4(a) shows excitation power dependent puPL spectra of a
SCQD from the same mesa array as presented in Figs. 2 and 3. We
observe three bright emission lines associated with this QD, which
are identified as charged and neutral excitons (CX and X, resp.) and
neutral biexciton XX by excitation power and polarization depen-
dent measurements. The measured emission linewidths are 54 yeV
for X, 35 peV for XX, and (resolution limited) 27 pyeV for CX, all
at an excitation power of 8 yW. To obtain a better understanding
of the SCQD quality in the array, we performed an extended statis-
tical analysis by recording and evaluating the optical properties of
100 SCQDs in a 10 x 10 excerpt from the mesa array (including the
3 x 3 subarray in Fig. 2). The corresponding linewidth distribution
statistics of the SCQD is displayed in Fig. 4(b) and yields a median
linewidth of 107 yeV with the narrowest specimens showing reso-
lution limited single-QD linewidths as low as 27 yeV. Noteworthy,
the average linewidth of positioned QDs of 120 peV is smaller than
160 peV determined for non-positioned QDs on the etched mesas.
This observation may be attributed to the fact that the SCQDs (in
the center of the mesas) are located on average farther away from
the etched vertical sidewalls of the mesas than the non-positioned
ones, which reduced the impact of spectral diffusion due to charge
variations of surface states on the QD emission linewidth. Over-
all, the optical quality of our buried stressor SCQDs in terms of
emission linewidth is very promising with about half of our SCQDs
exhibiting narrower emission lines than SCQDs fabricated by other
determinsitic growth techniques with emission linewidths typically
larger than 100 peV.***%**%%7

Figure 4(c) presents the wavelength distribution of 300 emis-
sion lines (including X, CX, and XX) from SCQDs and 2021 emis-
sion lines from non-positioned QDs evaluated in the same 10 x 10
subarray as mentioned above. The mean wavelength is 933.3 nm
with a standard deviation of only 6.6 meV corresponding to a
FWHM of 15.8 meV. It should be noted that this value is most
likely overestimated regarding the ensemble broadening as both X
and XX lines are included in the statistics. It is significantly smaller

APL Photon. 5, 096107 (2020); doi: 10.1063/5.0013718
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FIG. 4. (a) uPL emission spectra from a SCQD in a mesa center taken at different excitation powers. Emission lines stemming from the excitonic (X), charged excitonic
(CX), and biexcitonic state (XX) are marked, respectively. Their polarization dependence is shown in the inset (relative to their mean energy for better visibility). (b) Linewidth
distribution statistics of X and XX lines from SCQDs (blue) and non-positioned QDs (black) with average linewidths of 120 ueV and 160 ueV, respectively. The resolution
limit is indicated by a dotted black line. (c) Wavelength distribution statistics of SCQDs (blue) and non-positioned QDs (black) fitted by a normal distribution. The fit yields an
inhomogeneous broadening of 15.8 meV and 18.4 meV for site-controlled and non-positioned QDs, respectively.

than the inhomogenous broadening of 17.8 meV observed for non-
positioned InGaAs QDs in our mesa structures indicating the pos-
itive influence of the strain-engineering on the ensemble properties
of the SCQDs. The determined inhomogenous broadening of our
SCQD is comparable to the values observed for highly homogeneous
SCQDs on GaAs (111) with an inhomogeneous broadening ranging
from 7.6 meV to 20 meV.

In order to verify single-photon emission from the SCQDs,
we measured the second-order photon-autocorrelation g(z)(r) func-
tion of emission at 5 K using a fiber-based Hanbury Brown
and Twiss (HBT) configuration equipped with superconducting
nanowire single-photon detectors (SNSPDs, combined time reso-
lution of two-channel system and electronics: ~100 ps FWHM).
First, we studied a SCQD that features stable and bright emission
under CW p-shell excitation, provided by a tunable Ti:sapphire laser
set to a wavelength of 901.6 nm to match the p-shell energy of
this particular dot. The SCQD’s neutral biexcitonic emission line
at an emission wavelength of 929.6 nm was chosen due to its high
brightness and was spectrally filtered by using a monochromator
[spectral selection window of 75 ueV (52 pm)]. The correspond-
ing photon-autocorrelation function at saturation of the XX line
is presented in . The histogram shows pronounced anti-

bunching at 7 = 0 with an as-measured value of gr(azva (0) = 0.08.
By taking into account the limited temporal resolution of the HBT
setup and convoluting it with a double-sided exponential decay,” a

fit to the data yields a value of géezc)onv(o) = 0.026 + 0.026, thus, prov-
ing close to ideal suppression of multi-photon events. Furthermore,
to obtain deeper insight into the quantum optical properties of the
SCQDs within a statistical analysis, the g(z)(‘r) function was studied
for a 4 x 4 excerpt from the 10 x 10 subarray under off-resonant
CW excitation (785 nm). For each mesa, one bright and narrow
SCQD emission line was chosen, and under the same spectral filter-
ing conditions as above, its second-order autocorrelation function
was recorded close to saturation. The resulting deconvoluted values
gsezc)onv(o) are presented in the inset of together with the
corresponding decay times 7gccay Of the exponential fits. In addition,
the type of the originating state (X, CX, XX) is indicated, determined
by power- and polarization-dependent measurements. As expected,
the biexcitonic lines show a smaller time constant, which also

APL Photon. 5, 096107 (2020); doi: 10.1063/5.0013718
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explains the comparatively larger errors. The data point with the
largest time constant, above 1 ns, was on the other hand a very
noisy measurement due to a low signal to noise ratio. All 16 mea-
sured QDs show a clear suppression of multi-photon events with
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FIG. 5. (a) Typical g®?(7) histogram as measured with an HBT setup from a SCQD
under continuous wave p-shell excitation (dots) and the corresponding deconvo-

luted fit (solid line) yielding ¢ (0) = 0.026 + 0.026. The inset shows the

d
results of a statistical analysisecc)%nVSCQDs in a 4 x 4 excerpt under off-resonant

excitation in terms of their deconvoluted gd(ezc)onv(o) and the corresponding decay

times Tgecay OF the fit. (b) Corresponding g?)(z) to the same QD as in panel (a)
under p-shell excitation with a HOM setup under co-polarized (black dots) and
cross-polarized (blue dots) configuration together with the respective convoluted
fits (solid lines) leading to a HOM visibility Vgeconv = (87.1 + 9.7)% and a coherence
time of 7. = (194 + 7) ps. The inset shows an enlarged excerpt around (z) = 0 with
the deconvoluted fits (solid lines).
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only one data point being above 10%, highlighting good quantum
optical properties of the buried-stressor SCQDs.

Beyond proving the quantum nature of emission in terms of
multi-photon suppression, the photon indistinguishability plays an
important role in possible applications of photonic quantum tech-
nology. The indistinguishability of photons emitted by the realized
SCQDs was evaluated by measuring the two-photon interference
(TPI) of subsequently emitted photons from a single QD with a
Hong-Ou-Mandel (HOM)-type setup.” Using the same QD as for
the HBT measurement, again under quasi-resonant excitation, the
biexcitonic emission was now coupled to an unbalanced Mach-
Zehnder interferometer. A time difference of At = 4 ns between the
two arms was chosen, which has been shown to be shorter or on
the time scale of the decrease in TPI-visibility due to the spectral
diffusion in a similar system.”’ The interferometer is single-mode
fiber based, and a control measurement can be carried out by chang-
ing the polarization of the photons in one interferometer arm and,
therefore, rendering the photons distinguishable. Figure 5(b) shows
the results and corresponding convolved and deconvolved fits for

the co-polarized [gl(‘z)(r)] and cross-polarized [giz)(‘r) ] configura-
tions, again taking into account the time resolution of our setup. The

asymmetry of gfz) (7) at +A7 is attributed to the meandered design
of the SNSPDs, which is the reason for an intrinsic polarization-
dependent detection efficiency. Yet, this has no effect on the ratio
of the central dips of the two measurements at 7 = 0, from which
a raw visibility of Viaw = 65.4% and, subsequently, a deconvoluted
visibility of Vgecony = (87.1 £ 9.7)% can be extracted.”® The fit to
gﬁz)(r) further yields a coherence time of 7. = (194 + 7) ps. The
measured TPI-visibility from our SCQD mesa array surpasses the
one from QD arrays where the deterministic positioning is achieved
via electron beam nanohole patterning.”’ In addition, an about five-
times longer two-photon coherence time is seen in the HOM-dip at
zero time delay. Yet, as also stated in the same reference, this could
be attributed to their pulsed excitation scheme. It should further be
noted that all our values are achieved without the use of a photonic
cavity.”*

IV. SUMMARY AND CONCLUSION

In summary, we demonstrate that the buried stressor approach
is an attractive method to realize arrays of site-controlled InGaAs
QDs with highly selective QD growth. The SCQDs feature a small
inhomogeneous broadening of 15.8 meV and an average emis-
sion linewidth of 120 eV with resolution limited values as low as
27 ueV, as determined by an extended statistical analysis includ-
ing 100 SCQDs from a 10 x 10 excerpt of the fabricated 28 x 28
array. Photon statistics measured in HBT- and HOM-type experi-
ments confirm strong multi-photon suppression with a fitted value

of géezc)onv(o) = 0.026 + 0.026 and high post-selected indistinguisha-
bility expressed in a deconvoluted visibility of Vgeconv = (87.1 £ 9.7)%
and a coherence time of 7. = (194 + 7) ps under p-shell excitation,
where the high multi-photon suppression was confirmed in a statis-
tical analysis including 16 SCQDs of a 4 x 4 subarray. Therefore, our
site-controlled QD arrays constitute an attractive platform for quan-
tum applications relying on regular arrays of single-photon emitters.
As a further improvement of the arrays, it would be interesting to
increase the density by reducing the pitch and size of the mesas.

APL Photon. 5, 096107 (2020); doi: 10.1063/5.0013718
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In addition, a more careful calibration of the QD density could be
used to further increase the selectivity of the site-controlled growth
and prevent any unintentional QD growth on the mesa surface
except in the center.
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