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ABSTRACT

We report the formation and optical properties of site-controlled InAs/GaAs quantum
dots (QDs) embedded in GaAs nanowires (NWs) by selective metalorganic chemical vapor
deposition for application to single photon sources. InAs/GaAs QD-in-NWs with various InAs
thicknesses are realized on patterned GaAs(111)B substrates in the form of InAs/GaAs
heterostructures and identified by structural analyses using scanning transmission electron
microscopy and photoluminescence characterization. Sharp excitonic emission peaks at 10 K
from single QD-in-NWs with the narrowest exciton linewidth of 87 peV are observed. Light
emission from the single QD-in-NW shows photon antibunching which evidences single photon
emission from high-quality QD-in-NWs.

INTRODUCTION

Development of non-classical light generators utilizing the discrete density of states of
quantum dots (QDs)[1] with high light-extraction efficiency has long been recognized as a major
challenge in the context of quantum communication to enhance photon out-coupling to external
optics. Many groups have demonstrated the enhancement of the light-collection efficiency from
single photon sources in photonic nanowires (NWs) with carefully tailored end by applying a
“top-down” approach using electron-beam (EB) lithography and reactive ion etching (RIE)[2,3].
Recently, formation of QD-in-NWs utilizing a “bottom-up” approach has been exploited as a
promising candidate for such applications because of improved quality of surface morphology
which is damaged by the top-down approach. Furthermore, the growth of QD-in-NWs on (111)-
oriented substrates has attracted scientific attention for applications in entangled-photon emitters
because fine-structure splittings induced by piezoelectricity, interface and strain asymmetries can
be eliminated due to the threefold rotational symmetry of the (111) plane[4,5]. In addition,
strain-free QDs would be obtainable in the growth of QD-in-NWs due to strain relaxation via
lateral direction between lattice mismatched materials[6,7], which would enable the realization
of ultra-high-efficiency intermediate-band solar-cells (IBSCs) utilizing densely-packed, multi-
stack QDs[8]. In the formation of QD-in-NWs, there are predominantly two bottom-up
approaches: the vapor-liquid-solid (VLS) method [9] and the “site-controlled”, catalyst-free
method using selective growth[10]. For high-performance NW-based optoelectronic devices, it
is crucial to design and realize site-controlled QD-in-NWs in terms of size uniformity,
position/orientation controllability, reproducibility and crystal quality due to their “catalyst-free”
nature.
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Many groups have so far reported the formation and optical properties of QD-in-NWs
with  various material systems including In(Ga)As/GaAs[11], GaAsP/GaP[12],
AlGaAs/GaAs[13], InAsP/InP[14,15], and GaN/AIN[16]. For GaAs-based QD-in-NWs, several
groups have investigated the formation of axial In(Ga)As/GaAs heterostructure NWs[11,17-19]
and one of them has obtained the sharp excitonic peaks by using the VLS method[11]. However,
there have been no reports of non-classical light generation from site-controlled In(Ga)As/GaAs
QD-in-NWs. Dorenbos et al have reported the observation of photon anti-bunching and
cascaded exciton-biexciton emission from site-controlled InAsP/InP QD-in-NWs[14]. It would
be advantageous if site-controlled QD-in-NWs could be realized on a GaAs platform in terms of
their compatibility with well-established, low-cost GaAs-based processing technologies for
applications to SPEs and IBSCs. In this letter, we demonstrate the site-controlled formation of
InAs/GaAs QD-in-NWs on patterned GaAs(111)B substrates by selective metalorganic chemical
vapor deposition (MOCVD). Photon antibunching from InAs/GaAs QD-in-NWs are observed
on a GaAs platform by means of auto-correlation measurement of the single InAs/GaAs QD,
which provides evidence for single photon emission from high-quality QD-in-NWs.

EXPERIMENT AND DISCUSSION

All samples are grown by low-pressure MOCVD at a total pressure of 76 Torr on
patterned semi-insulating GaAs(111)B substrates. Trimethylgallium (TMGa), trimethylindium
(TMIn) and tertiarybutylarsine (TBAs) are used as Ga, In and As precursors, respectively. A 20-
nm thick SiO2 growth mask is patterned with a 1-um pitch and an average diameter of 40 nm
using EB lithography and RIE. After the surface cleaning process with sulfuric acid for 2
minutes, wafers are loaded immediately into the reactor. All layers including GaAs core, InAs
heterostructure and GaAs shell are grown at 750°C. First, GaAs core is grown by supplying
TMGa and TBAs at a V/III ratio of 100. The precursor flow rates result in 0.5 A/s equivalent
planar growth rate on GaAs(100) substrates. Next, InAs heterostructure is formed by supplying
TMIn and TBAs at a V/III ratio of 100 which is followed by the growth of a GaAs shell with a
V/I ratio of 200. 5-sec growth interrupts are included before and after the formation of each
layer to adjust the flux. Structural analyses of fabricated InAs/GaAs QD-in-NWs are carried out
by using high-resolution scanning electron microscopy (SEM) and scanning transmission
electron microscopy (STEM). Two different kinds of optical characterization are carried out at
10 K; one is a macro photoluminescence (PL) setup detected by an InGaAs nitrogen-cooled
photodiode array under an excitation by diode-pumped solid-state lasers (532 nm) with a beam
spot size of approximately 500 wm, and another is a confocal micro PL (u-PL) setup under an
excitation by continuous-wave (cw) Ti:Sapphire laser (813 nm) with a beam spot size of
approximately 2 um. The collected light from the single QD-in-NW is then sent to either a
spectrometer equipped with a nitrogen-cooled Silicon charge-coupled device for single dot
spectroscopy, or a Hanbury Brown and Twiss (HBT) type interferometer equipped with Si
avalanche photodiodes for auto-correlation measurements.

Figure 1(a) shows the schematic and SEM images of fabricated GaAs NWs including
InAs/GaAs QDs. High-uniform, site-controlled hexagonal GaAs NWs are formed with diameter
and height of 6942 nm and 1080435 nm (aspect ratio of 15.8), respectively. Cross-sectional
STEM images shown in Fig. 1(b) corroborate the existence of a single InAs/GaAs QD structure
within the fabricated GaAs NW, as highlighted with dashed white lines. Black-and-white
contrast in the vicinity of the QD is indicative of the existence of strain fields in the matrix.

116



I u
GaAs(111)B sub
—
Fig. 1 (a) Schematic and SEM images of InAs/GaAs QD-in-NWs grown on pattemed GaAs(l 1 l)B substrates (b)

Cross-sectional STEM images of a single InAs/GaAs QD-in-NW with diameter and height of 35 and 4.5 nm,
respectively.
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Fig. 2 (a) Macro PL spectra at 10K of InAs QD-in-NWs with InAs heights of 1.5, 3, 4.5, and 6 nm, and peak
emission energies of 1.36, 1.30, 1.26, and 1.27 eV, respectively. (b) Macro PL spectra at 10 K of InAs/GaAs QD-
in-N'Ws with a QD height of 4.5 nm at various incident pump-power densities from 2 mW/cm® to 2.3 W/cm?.

Thickness and diameter of the observed InAs/GaAs QD are approximated to be 4.5 and 35 nm,
respectively. Figure 2(a) shows the dependence of the normalized PL properties of InAs/GaAs
QD-in-NWs at various thicknesses, which exhibits a blueshift of PL peaks from 1.27 to 1.36 eV
with decreased thicknesses of InAs/GaAs heterostructures from 6 to 1.5 nm, which is attributed
to the enhancement of quantum confinement effect along the vertical direction. It is noted that
the PL peak energies of InAs/GaAs QD-in-NWs are much larger than those of conventional self-
assembled InAs/GaAs QDs emitting in the fiber-optic communication regime (<1 eV)[20]. This
is due to interdiffusion of In and Ga adatoms during the growth of QD-in-NWs at a
comparatively high temperature. Figure 2(b) shows the typical PL spectra of InAs/GaAs QD-in-
NWs with a height of 4.5 nm at various pump-power densities from 2 mW/cm? to 2.3 W/cm?.
Only a single peak is observed at 1.27 eV with a full-width at half-maximum (FWHM) of 92
meV at a very low pump-power density. The large FWHM is attributed to size distribution and
structural fluctuation of InAs/GaAs QD-in-NWs and further optimization of the growth
conditions of the QD formation as well as pattern processing is required to obtain more uniform
QD-in-NWs. By contrast, at pump-power densities higher than 230 mW/cm?, another peak
emerges at 1.33 eV which likely originates from higher subband of the QDs. These results
indicate that the observed PL peaks originate from fabricated InAs/GaAs heterostructures.

Single dot spectroscopy of a single InAs/GaAs QD-in-NW is carried out by using u-PL
characterization setup. The emission spectrum displays several sharp lines with cw excitation
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Fig. 3 (a) A log-log plot of integrated PL intensities of a single InAs/GaAs QD-in-NW at 10 K versus pump-
power densities from 14 mW/cm? to 16.8 W/em®. An inset shows typical p-PL spectrum at 10 K of a single
InAs/GaAs QD-in-NW at a pump-power density of 1.08 W/cm” (b) Auto-correlation histogram of an exciton
energy peak from a single InAs/GaAs QD-in-NW with a linewidth of 87 pueV under cw excitation as a function
of the relative delay. A solid gray line shows a fitting curve. An inset shows the u-PL spectrum of the single
InAs/GaAs QD-in-NW used for the auto-correlation measurement.

above the GaAs band gap. Figure 3(a) shows a log-log plot of integrated PL intensity versus
pump power densities from 14 mW/cm? to 16.8 W/ecm® of two dominant peaks from a single
QD-in-NW as shown in the inset. At very low pump power densities, only a single peak (peak 1)
is observed at the peak energy of 1276.7 meV with a linewidth of 393 peV and exhibits linear
dependence against pump power densities. By increasing pump power densities, another peak
(peak 2) emerges at the peak energy of 1274.0 meV which shows quadratic dependence. These
results indicate that observed sharp peaks 1 and 2 originate from exciton and biexciton
emissions, respectively. The obtained linewidth of a single exciton peak varies from <100 to
several hundred pueV which is attributed to the size distribution of InAs QDs in GaAs NWs.
These values are almost comparable to those of QD-in-NWs reported by other groups, but larger
than those of conventional SK QDs, which is due to spectral diffusion caused mainly by surface
states of GaAs NWs that traps and detraps carriers. Further investigation and analyses are
required to corroborate the effect of surface states on the pu-PL characteristics of a single InAs
QD-in-NW.

Measurement of the second-order coherence function, g?(t), of the QD-in-NWs with the
narrowest linewidth of 87 peV as shown in the inset of Fig 3(b) is carried out at 10 K to
corroborate the existence of the fully-quantized energy levels in the single QD-in-NW structure.
Figure 3(b) show auto-correlation histogram of the normalized coincidence counts of exciton
emission from a single QD-in-NW at the pump power density of 420 mW/cm”. The obtained
auto-correlation, g®(1), in Fig. 3(b) is fitted by g@(t)= 1-(1-g@(0))exp(—|t|/t0) to extract the
fitting parameters, g®(0) and To. The second-order coherence function shows a large degree of
photon antibunching with a fitting parameter g?(0)= 0.31, which clearly proves the existence of
fully-quantized energy states in the InAs/GaAs QD-in-NW.

CONCLUSIONS

We report the demonstration of site-controlled InAs/GaAs QD-in-NWs on patterned
GaAs(111)B substrates by selective MOCVD. PL peaks from InAs QD-in-NWs are identified
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by varying the thickness of InAs heterostructures using a macro-PL characterization at 10 K.
STEM analyses corroborate the existence of a single InAs/GaAs QD structure embedded in a
GaAs NW and approximate the dimension of the InAs/GaAs QD-in-NW. Sharp excitonic peaks
from a single InAs/GaAs QD-in-NW are observed using a p-PL setup at 10K. The exciton
linewidth is as narrow as 87 pueV. Auto-correlation measurements of a single InAs/GaAs QD-in-
NW using HBT-type configuration shows a photon antibunching with g(z)(O) of 0.31. These
results provide evidence for single photon emission from fully-quantized energy levels in high-
quality QD-in-NWs, which would enable the implementation of high-performance optoelectronic
devices based on site-controlled QDs, including SPEs and IBSCs, utilizing existing, well-
established NW growth technologies.
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