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Bright single-photon source based on an InAs quantum
dot in a silver-embedded nanocone structure
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High photon-extraction efficiency is strongly required for a practical single-photon source. We
succeed in fabricating metal (sliver)-embedded nanocone structure incorporating an InAs quantum dot.
Efficient photon emission of ~200 000 photons per second is detected and single-photon emission is
demonstrated using autocorrelation measurements. The photon-extraction efficiency as high as 24.6%
is obtained from the structure. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4801334]

Within the past decade, much attention has been devoted
to the development of single-photon sources for future appli-
cations in quantum information processing and quantum
communications based on a wide variety of systems, such as
single atoms, molecules, and color centers in diamonds.'™
Among these systems, single quantum dots (QDs) are poten-
tial candidates owing to their discrete levels, which offer
high emission rates, narrow spectral line widths, and wide
tunability of emission wavelengths.*™ Significant progress
has been made to achieve efficient single-photon sources.
One of the key issues is to enhance photon-extraction effi-
ciency, which is defined as the collection efficiency of pho-
tons emitted from a QD into the first lens in an experimental
optical setup. Efficient single-photon emission has been
demonstrated from single QDs in distributed Bragg reflector
(DBR) microcavities with pillar structures® and inner lat-
eral confinement,” photonic nanowires,”® trumpet struc-
tures,” horn structures,'® and so on. Coupling of photon
emission from QDs to metallic nanoantennas,'! confined
plasmon modes,'* as well as photonic waveguides'® was also
proposed. Although photonic nanowires and microcavity pil-
lars exhibited high photon-extraction efficiencies, mechani-
cal stability related to their high aspect ratio and their
stability to couple to outer photon collection optics remain as
challenging issues.

Recently, we have introduced a metal-embedded GaAs
pillar structure containing single InAs QDs.'*'> This struc-
ture is completely embedded in metal and is fundamentally
flat and mechanically stable. Direct contact of this kind of
photon sources to a single-mode fiber will provide a fiber-
based photon source with long-term stability.'® With this
metal-embedded pillar structure, we have observed the
photon-extraction efficiency of ~8% (efficiency collected by
the first lens with the numerical aperture (NA) of 0.42).14 In
this case, GaAs substrates were removed by mechanical
cleavage during the metal-embedding process, and hard met-
als were necessary for the sample preparation. Therefore, tita-
nium (Ti) and/or niobium (Nb) hard metals were selected for
the embedding metals in these samples.'>"!” However, optical
reflectivity of these hard metals is generally low, and it is a
drawback for efficient photon extraction. Silver (Ag) is
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known to have high optical reflectivity in the near-infrared
spectral region although the Vickers hardness of Ag is ~1/4
and ~1/5 of that of Ti and Nb, respectively. In this paper, we
report on the preparation of Ag-embedded QD structure via
the substrate removal with reactive ion etching (RIE). A
nanocone semiconductor structure with truncated apex was
embedded in Ag for high photon extraction.

InAs QDs were grown on a GaAs (100) substrate by
metal organic molecular beam epitaxy (MOMBE)'® and then
capped with a GaAs layer with the thickness of 50 nm. The
QD density was estimated to be ~8 x 10° cm 2. For the fab-
rication of a tailored nanocone structure, electron beam li-
thography (EBL) and RIE processes were performed. The
InAs QD sample surface was covered with a SiO, layer for
better adhesion of hydrogen silsesquioxane (HSQ) resist to
the GaAs surface. After EBL, the resist patterns were trans-
ferred to the SiO; layer with RIE. The GaAs-based semicon-
ductor was etched with inductive coupled plasma (ICP) RIE
employing chlorine (Cl,) and argon (Ar) mixture gas. This
resulted in the nanocone with the truncated apex (mesa struc-
ture) as typically shown in Fig. 1(a). The height is ~500 nm
and the sidewall taper angle was 23.5° on average. The struc-
ture shown in Fig. 1(a) was prepared with the computer-
aided design (CAD) mask diameter of 1000 nm and the top
diameter is 760 nm. Therefore, 120-nm side etching from the
SiO, mask periphery contributed to the nanocone formation,
but the additional expansion of the bottom diameter by
~200nm from the CAD diameter is also included. When the
Si0, mask diameter is 240 nm, real nanocone is formed (not
shown). The diameter of the QD plane in Fig. 1(a) is
~800 nm and the number of the InAs QDs included is ~40,
and the QD numbers are reduced for the reduced diameter.
Such a tailored structure was then deposited with a 60-nm-
thick SiO, layer employing plasma-enhanced chemical-
vapor deposition (PECVD) and then evaporated with a
~3-um-thick Ag film. After the Ag surface is glued to a sup-
porting substrate, the GaAs substrate was thinned up to
~30 um thick with mechanical polishing and sequentially
etched with ICP-RIE. This resulted in the Ag-embedded
nanocone structure as shown in Fig. 1(b). The buried struc-
ture is schematically shown in Fig. 1(c).

Figure 2(a) shows the micro-photoluminescence (PL)
spectrum of an InAs QD in the Ag-embedded nanocone

© 2013 AIP Publishing LLC
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FIG. 1. (a) Side-view SEM image of an as-etched nanocone structure.
(b) Top-view SEM image of the Ag-embedded nanocone structure with
removed substrate. (c) Schematic of the Ag-embedded nanocone structure
with a thin SiO, insulator layer between the Ag and the semiconductor part
and an InAs QD located ~50 nm above the SiO,.

structure fabricated with the CAD pattern diameter of
900 nm. The measurement was carried out at 4 K under the
CW excitation at a wavelength of 633 nm. The PL spectrum
was obtained by directing the emission into a 50 cm double
grating spectrometer equipped with a liquid-nitrogen-cooled
InGaAs photodiode array detector. The measured PL spec-
trum exhibits a sharp emission line originating from the neg-
atively charged exciton (X ) at 945.9 nm with a full width at
half maximum (FWHM) of 152 ueV. The smaller peak at
944.1nm is the neutral exciton (X°) emission. The assign-
ment of the above lines was supported by a series of
measurements such as excitation power dependences and
polarization-selective PL measurements. Time-resolved
measurement was performed on the X~ peak by use of super-
conducting single-photon detectors (SSPDs) with fast
response and the result is shown in Fig. 2(b). The X~ peak
was spectrally selected by a tunable band-pass filter (BPF)
with a FWHM of 0.5nm and then coupled into a single-
mode fiber with a microscope objective. The coupled emis-
sion signal was directed into one SSPD and the excitation
pulse signal was sent to another SSPD as a synchronization
input. As shown in Fig. 2(b), an instrument response function
(IRF) is also given by the grey area, and the rise of the curve
is limited by the temporal resolution of the system. The time
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FIG. 2. (a) Micro-PL spectrum of an InAs QD in the Ag-embedded nano-
cone structure. The emission lines X° and X~ correspond to the neutral
exciton emission and the negatively charged exciton emission, respectively.
(b) Time-resolved signal on the X~ line. The solid line is the least-square fit
to the data. The grey area corresponds to the IRF.
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FIG. 3. Second-order correlation function g®(t) for the X~ line excited
above saturation (1.5 uW). The solid curve in red is the least-square fit to the
data.

decay behavior is fitted with a single exponential function,
showing that the lifetime of the X line is 0.85 ns.

In order to confirm the single-photon emission property
of the X~ line from a single InAs QD, we measured the
second-order correlation function g®(r) with a Hanbury-
Brown and Twiss (HBT) setup19 under pulsed optical excita-
tion at a wavelength of 800 nm and with a repetition rate of
76.2MHz. The excitation pulse width was ~5 ps. The
selected emission photons through the BPF were divided by
a beam splitter with a 50:50 ratio and then sent into two
single-photon counting modules (SPCMs). In order to com-
pensate the electric delay of the detection system and obtain
the information at the negative time delay, an optical delay
of ~75ns was inserted. Figure 3 shows the measured
second-order correlation function of the X~ line as a func-
tion of the delay time 7 of the two detection events. The exci-
tation power of 1.5 uW is above the saturation level of the
QD emission. The measured g(z)(r) indicates strong suppres-
sion of multi-photon emission at zero time delay and is a sig-
nature of single-photon emission. The solid curve in red is
the least-square fit to the data with the commonly accepted
formula.>'> The fitting results in g®(0)=0.3, and the anti-
bunching dip below 0.5 is characteristic of a single-photon
emitter (SPE). Further suppression of multi-photon emission
with g2(0) < 0.1 was achieved by quasi-resonant excitation
with low excitation power.

We have measured the photon count rates from both
as-etched and Ag-embedded nanocone structures over 20
samples. The comparison of the two structures under the sat-
uration condition of the QD emission, which excludes the
difference of the photo-excitation efficiencies, exhibited ~50
times enhancement on average with the Ag-embedding. The
brightness of our SPE given above is plotted in Fig. 4, which
shows the integrated photon count rate of the X~ emission.
At saturation, the integrated count rate was measured to be
196 300 counts per second (cps). It is 8 times higher than our
previously reported SPE.'"* The net single-photon detection
rate after compensating the contribution of multi-photon
emission is 196300x[1 — g®(0)]'? =164 200 cps. For the
estimation of the photon-extraction efficiency of the tailored
structure, we experimentally estimated all the optical losses.
Transmission loss including BPF, long-pass filter, short-pass
filter, mirror, and objective lens was 14.3 dB. The detection
efficiency of the SPCM was 0.27. From these measurements,
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FIG. 4. The measured photon count rates of the X and X’ lines as a func-
tion of excitation power. The solid curves are guides to the eye.

a single-photon flux of 16.4 MHz at the first objective lens is
estimated. This estimation results in photon-extraction effi-
ciency of 21.5% and ~0.22 photons per pulse are collected
by the first objective lens. We note that the charged exciton
and neutral exciton photon emission events are exclusive
with each other®® and the appearance of the X° peak in Fig.
2(a) indicates the underestimation of the photon-extraction
efficiency.® From the measured photon count rates of the X~
and X° emission in Fig. 4, the count rates are given with the
ratio of 7 to 1 above saturation. Therefore, the estimated
photon-extraction efficiency is recalculated to be 24.6%.
This high photon generation rate is especially important
for photon correlation measurements, since the correlation
measurements depend on square of the photon generation
rate. In our present measurements, we employed the first
objective lens with NA of 0.42. When it is replaced with the
one with NA equal to 0.8, doubled photon extraction, that is,
49% is expected.” We also worked on a three-dimensional fi-
nite-difference time domain (FDTD) simulation of the Ag-
embedded nanocone structure. Since the calculation time is
critically extended with the structure size, we worked on the
simulation of a reduced-size nanocone, keeping the distance
between the QD plane and the nanocone top surface the
same as the measured structure. We assume the height of
300 nm and the truncated nanocone top diameter of 100 nm.
With the sidewall angle of 23.5°, this results in the other
plane diameter of 360 nm. A QD emitter is represented with
an in-plane dipole and is assumed 50nm apart from the
nanocone plane with the 100-nm diameter and is set at the
center of the QD plane. One of the important general indica-
tion of the simulation is that substantial amount of emitted
photons, 67%, is absorbed by the Ag layer without the SiO,
layer between Ag and GaAs nanocone. The optical absorp-
tion is drastically reduced with the increase of the SiO, layer
thickness up to ~50 nm, suggesting that the coupling to the
surface plasmon at the Ag/GaAs interface dominates the
optical absorption loss. The efficiency to extract photons
from the GaAs nanocone to the outer airside reaches as high
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as 98% for the thick SiO, layer by reducing the metal
absorption. The details of the simulation will be reported
elsewhere.

In conclusion, we have presented a bright single-photon
source at 946nm using a single InAs/GaAs QD in an
Ag-embedded nanocone structure. We demonstrated the
single-photon detection rate of 164200 cps and the photon-
extraction efficiency as high as 24.6%. The developed struc-
ture is mechanically stable and has basically flat photon
extraction surface, and further study to realize coupling to a
single-mode fiber for long-term stability is expected.
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