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ABSTRACT

To deliver an optimal performance for photonic quantum technologies, semiconductor quantum dots should be integrated in a carefully
designed photonic structure. Here, we introduce a nanowire optical nanocavity designed for free-space emission. Thanks to its ultrasmall
mode volume, this simple structure offers a large acceleration of spontaneous emission (predicted Purcell factor of 6.3) that is maintained
over a 30-nm bandwidth. In addition, a dielectric screening effect strongly suppresses the emission into the 3D continuum of radiation
modes. The fraction of spontaneous emission funneled into the cavity mode reaches 0.98 at resonance and exceeds 0.95 over a 100-nm spec-
tral range. Close-to-optimal collection efficiency is maintained over an equivalent bandwidth and reaches a predicted value of 0.54 at reso-
nance for a first lens with a numerical aperture (NA) of 0.75. As a first experimental demonstration of this concept, we fabricate an
Au-Si0,-GaAs device embedding isolated InAs quantum dots. We measure a maximal acceleration of spontaneous emission by a factor as
large as 5.6 and a bright quantum dot emission (collection efficiency of 0.35 into NA =0.75). This nanowire cavity constitutes a promising

building block to realize advanced sources of quantum light for a broad range of material systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0045834

Semiconductor quantum dots (QDs) have enabled major contri-
butions to photonic quantum technologies." These solid-state artificial
atoms can emit various non-classical states of light on-demand and
with high fidelity,” " or implement optical nonlinearities at a few-
photon level.” ® State-of-the-art devices generally employ a photonic
nanostructure that defines a controlled electromagnetic environment
around the QD.” * First of all, such a control aims at optimizing light
collection in the channel of interest. Some structures additionally
leverage a local increase in the density of optical states to accelerate the
QD spontaneous emission (SE), thereby mitigating the detrimental
impact of noise sources that are inherent to a solid-state environment.
Ideally, SE acceleration and large collection efficiency should be main-
tained over a broad operation bandwidth. Such a combination is key
to realize widely tunable sources of indistinguishable single photons or
bright sources of pairs of entangled and indistinguishable photons.”**’
In practice, however, existing approaches often compromise between
these three desirable features. Microcavities exploit the Purcell effect to
provide large SE acceleration and efficient light collection, but only on

a narrow spectral range defined by the cavity linewidth.” '® In con-
trast, waveguides offer a broadband collection efficiency with generally
limited SE enhancement.”'”*” Nanocavities potentially combine the
assets of these two mainstream approaches. Thanks to their ultrasmall
mode volume, nanocavities indeed provide a large Purcell acceleration
with a moderate optical quality factor, which directly translates into a
large operation bandwidth. This strategy inspired several pro-
posals,”’** but only a few broadband QD nanocavity devices have
been demonstrated so far, using photonic crystals”® or bullseye
structures.”’

In this Letter, we introduce a nanowire optical nanocavity that is
designed for free-space emission [Fig. 1(a)]. Despite its simplicity, this
structure offers a large SE enhancement (predicted Purcell factor
F, = 6.3) that is maintained over a bandwidth of 30nm. This
approach also benefits from a pronounced dielectric screening effect,
which largely suppresses SE into the 3D continuum of radiation
modes. As a result, the fraction f of SE funneled into the cavity mode
reaches 0.98 at resonance and exceeds 0.95 over a 100-nm spectral
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FIG. 1. (a) Schematics of the nanowire nanocavity. (b) Normalized SE rates info the
cavity mode (I /I'puk) and into the 3D continuum of radiation modes (y /T k) calcu-
lated as a function of the emitter-cavity wavelength detuning (4 — /). (c) Map of the
angular distribution of the far-field emission for a QD at resonance (1e = /). The
dashed circle corresponds to a numerical aperture NA = sin (Omax) = 0.75 and
the external one to NA = 1. (d) Fraction 8 of SE funneled into the cavity mode and first
lens collection efficiency e (for NA = 0.75 and 1), as a function of (e — ;). All calcu-
lations are conducted for an on-axis emitter; geometrical parameters: h, = 70 nm,
hy = 390 nm, and d = 245 nm, which leads fo a cavity resonance at A, = 928 nm.

range. Optimal collection efficiency is maintained over a similar band-
width, with a calculated value of 0.54 at resonance for a first lens with
a numerical aperture (NA)=0.75. As a first demonstration of this
concept, we fabricate an Au-SiO,-GaAs device embedding isolated
InAs QDs. We measure an SE acceleration factor as large as 5.6 and
obtain bright QD emission (collection efficiency up to 0.35 for a first
lens having NA = 0.75).

As schematized in Fig. 1(a), the proposed device consists of a seg-
ment of a cylindrical nanowire of diameter d, which is made of a mate-
rial having a large refractive index n (here GaAs, n=3.46). The
nanowire stands on a SiO,~Au planar mirror’* and is terminated by a
flat top facet: these two elements provide broadband reflectivity. The
cavity mode of interest can be roughly described by considering the
Fabry-Pérot reflections of HE,;, the fundamental mode guided by
the GaAs section. We consider below a nanocavity mode with three
longitudinal antinodes and note A, its resonance wavelength. The
nanocavity embeds a QD (emission wavelength /) that is modeled as
a point-like optical emitter with two transverse and mutually orthogo-
nal linear dipole components. In the following, the QD SE rate in bulk
GaAs, I'yur, serves as a reference. For a resonant QD (4, = /) that
sits on one of the antinodes, the normalized SE rate into the cavity
mode I/ Tpuy reaches a maximum value that is equal to F,, the nano-
cavity Purcell factor.

We first estimate F, with a simple single-mode model
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Here, I'yg,, is the SE rate of an on-axis emitter into the fundamental
mode guided by an infinitely long nanowire. r;, (r;) is the modal ampli-
tude reflectivity of the HE;; mode for the bottom (top) extremity. In
the supplementary material, we plot (T'tig,, /Tpu), |75]° and |r;|* as a
function of the reduced diameter d/1. We choose here d = 0.26/,,
which simultaneously ensures a significant top facet reflectivity
(|r,|2 = 0.43) and good coupling to HE,; (I'yg,, /Tbux = 0.86). In
this diameter range, the bottom reflectivity (|r,|* = 0.9) is optimized
for a 7-nm-thick silica spacer. This yields a nanocavity Purcell factor
as large as F, = 7.3. At the same time, the |r;|* is small enough to (i)
ensure a modest optical quality factor (Q ~ 30) or, equivalently, a
large operation bandwidth and (ii) keep losses in the bottom mirror at
a reasonable level and preserve the collection efficiency.

In reality, the single-mode model does not accurately describe
the nanocavity mode, due to the (small) coupling of HE;; to weakly
guided or non-guided modes upon reflection on the facets. This inter-
esting property will be extensively addressed in a future paper. For
now, we present results obtained with a Fourier modal method imple-
menting open geometry boundary conditions,”””” which permits to
take into account the coupling of the emitter to all modes, including
radiation modes. The QD is here located at the first longitudinal anti-
node of the nanocavity mode, at a distance h, =70nm
(hy = 390 nm) from the bottom (top) mirror. These dimensions corre-
spond to the fabricated devices discussed in the second part of this
Letter. For d = 245 nm, the cavity resonance is found at 2, = 928 nm.
Figure 1(b) shows I';/Tpui as a function of (1, — /). On resonance,
I'e/Tpuk = 6.3. This value—slightly below the single-mode predic-
tion—remains remarkably high for such a simple structure.
Furthermore, a pronounced SE acceleration is maintained over a
30nm-large bandwidth [full width at half maximum (FWHM)].
Figure 1(b) also shows /T by, the normalized emission rate into the
3D continuum of radiation modes. Thanks to a strong dielectric
screening effect,” ™" y/Tu < 1 over an even larger spectral range.
As a result, the fraction f = I'./(I'c + y) of SE funneled into the cav-
ity mode is as high as 0.98 at resonance and exceeds 0.95 over a 100-
nm spectral range [Fig. 1(d)].

As evidenced in Fig. 1(d), a broadband f factor directly translates
into a broadband collection efficiency e. At resonance, one obtains € as
large as 0.54, using a first lens with NA = 0.75. To shed light on loss
channels, we also plot a calculation of € for NA = 1. First, the differ-
ence 1- ¢(NA = 1) corresponds to absorption losses upon reflection
on the bottom gold layer. Second, a comparison of ¢ for the two NA’s
shows that the output beam is directional: more than 70% of the pho-
tons emitted upward can be collected with NA = 0.75. This is con-
firmed by Fig. 1(c), which shows the angular profile of the device
output beam for a QD at resonance. We note that this profile results
from the subtle interplay between several contributions (scattering and
reflection by the top facet) and involves interference associated with
the reflection on the bottom mirror. A detailed optimization (left for a
future work) could further increase the beam directionality and in
turn the collection efficiency for moderate collection NA.

Starting from a planar structure grown by molecular beam epi-
taxy, we used a top-down process to fabricate arrays of GaAs nanocav-
ities embedding self-assembled InAs QDs (see the supplementary
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material). A nanocavity of diameter close to 240 nm resonates around
920 nm, which corresponds to the peak of the QD ensemble emission.
A device, such as the one shown in Fig. 2(a), typically contains ~5
QDs. Their emission wavelengths as well as their lateral positions in
the nanocavity section are randomly distributed. Nevertheless, thanks
to the broad operation bandwidth of the nanocavity, a large fraction of
the QDs experience a significant coupling to the cavity mode. As
detailed in the supplementary material, we estimate that 1 QD out of
10 features I'; > 3 max(T";). In terms of collection efficiency, the toler-
ance is even larger, thanks to the pronounced inhibition of SE into
“unwanted” modes.

The nanocavity chip is mounted on the cold finger of a helium
flow cryostat (T = 4K) featuring an optical access. Non-resonant
excitation is provided by a pulsed Ti:sapphire laser (excitation wave-
length, 820nm; FWHM pulse duration, 200 fs; repetition rate, 76
MHz). The excitation beam is focused on the structure with a micro-
scope objective (NA = 0.75), which also collects the luminescence sig-
nal of the device. Photoluminescence spectra are acquired with a
grating spectrometer (1200 grooves/mm; 64-cm focal length) equipped
with a silicon charge-coupled device camera. A rotating 4/2 waveplate
and a fixed linear polarizer placed before the spectrometer can be used
to analyze the polarization of the device emission. Time-resolved mea-
surements are performed with a fast silicon avalanche photodiode. A
measurement of the instrument response function with attenuated
laser pulses (tuned to 920 nm) is shown in Fig. 3. It yields a temporal
resolution of 80 ps (FWHM) and reveals a long-delay tail attributed to
carrier detraping in the active layer of the avalanche photodiode. The
complete instrument response function is systematically convoluted
with the exponential decay functions used to fit time-resolved experi-
mental data.

We first focus on a nanocavity device that directly illustrates the
broad operation bandwidth. The corresponding photoluminescence

| QD2
3 J
2. QD1 i
14 ‘ R J
(IS "\

905 910 915 920 925
Wavelength (nm)

kcounts / pix /s &

(€) 1]

N

=

-‘%‘ 10*4

c

ko)

=

2 100 QD1 QD2
- 0.1 1 10 0.1 1 10

Power (uW) Power (uW)

FIG. 2. (a) Scanning electron microscope image of a representative device (tilted
view; scale bar, 100 nm). (b) Micro-photoluminescence spectrum as measured on
the CCD under pulsed excitation (Pexe = 300nW) at T = 4K. (c) Spectrally inte-
grated intensity / of lines QD1 and QD2 as a function of Peyc. The dots correspond
to experiments and the solid line to theory (see the text for details).
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FIG. 3. Time-resolved measurements. “IRF”: measured instrument response func-
tion. “QD2": individual emission line identified in Fig. 2(b) (solid blue line: experi-
mental data; dashed line: fit to a single-exponential decay convoluted with the IRF).
“QDsw”: ensemble of QDs embedded in a large square (20 x 20 um?) (solid red
line: experimental data; dashed line: fit to a bi-exponential decay convoluted with
the IRF). This measurement is used to determine the reference rate Ty (See the
text for details).

spectrum is shown in Fig. 2(b). It features narrow emission lines,
attributed to the recombination of excitonic complexes trapped in sev-
eral QDs. In the following, we focus on the bright lines labeled QD1
and QD2, whose emission wavelengths differ by 13 nm. Figure 2(c)
shows their spectrally integrated intensity I as a function of the excita-
tion power Pe. I is obtained by fitting each emission line to a
Lorentzian spectral profile and by summing the contributions of two
spectra acquired for two angles of the 1/2 waveplate that differ by 45°.
This procedure allows taking into account a weak polarization of the
nanocavity emission. For low excitation powers, I exhibits a linear
power dependence for both lines. Next, the emission spectrum for var-
ious polarization analysis angles is closely inspected to check the pres-
ence of a fine structure splitting. QD1 shows such a splitting and is
attributed to a neutral exciton, while QD2 is associated with a
charged exciton. Over the complete range of excitation powers, the
measured integrated intensities are perfectly reproduced by
I(Pexc) = Lat[1 — €xp (—Pexc/Psat)], with Pg the saturation power
and Iy, the integrated intensity at saturation. Despite vastly different
emission wavelengths, QD1 and QD2 feature similar I,: this is a sig-
nature of broadband collection efficiency.

We next quantify the Purcell acceleration provided by the nano-
cavity. Because of the very large cavity mode linewidth, it is not possi-
ble to tune the same emitter on and off resonance using e.g,
temperature. Instead, we compare the radiative rate of nanocavity
QDs to the one of similar QDs embedded in bulk GaAs. This reference
rate I'byx is determined as follows. We measure the photo-
luminescence decay of an ensemble of QDs embedded in the middle
of large (20 x 20 um?) squares that are also patterned on the nanocav-
ity chip. A representative measurement shown in Fig. 3 reveals a bi-
exponential decay, which is typical of interconversions between the
bright and dark excitons hosted by neutral QDs. A fit of the data to
Aiexp(—T'it)+ A_exp (—T'_t) yields the two decay rates Iy and
I'_ (I'y > I'_). The radiative rate is then determined with a simple
three-level model. The two bright excitonic states are treated as a single
level, which decays radiatively to the QD ground state with a rate IT',.
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Similarly, the two dark excitonic states are treated as a single level. The
bright-to-dark and dark-to-bright spinflip processes are characterized
by the same rate y;, and we neglect other non-radiative processes.
Within these hypotheses, the two rates I'; and I'_ are given by
F. =3[+ ZVI‘:(F% + 47’%)1/2
sate for the small SE acceleration provided by the planar structure, by
a calculated factor of 1.32. We repeat ~20 measurements and obtain
with this procedure the average value Ty = 0.61ns™! (standard
deviation of 0.05 ns™!).

In the nanocavity, QD1 and QD2 exhibit much faster radiative
dynamics. Figure 3 shows time-resolved data associated with QD2. As
expected for a charged exciton, it features a single-exponential decay.
A fit of the data to A exp (—T',t) directly yields the radiative decay rate
I', =3.0ns ™, a value that exceeds i by a factor of 5 (charged and
neutral excitons feature similar oscillator strength®'). The decay curve
of QD1 is bi-exponential (not shown). As mentioned above, this fea-
ture is characteristic of the interconversion between the bright and
dark excitons states hosted by a neutral QD. We use again a fit to a
bi-exponential decay function and the simple three-level model to
determine I', = 2.4 ns™!, which amounts to 4 X [',y. Despite vastly
different emission wavelengths, QD1 and QD2 display a pronounced
SE acceleration: this directly evidences the broadband Purcell effect
provided by the nanocavity. Figure 4(a) summarizes results obtained

|. After determining I',, we compen-
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FIG. 4. Acceleration of spontaneous emission (a) and collection efficiency (b) for
the 10 selected QD emission lines, belonging to six distinct nanocavities. Disks (tri-
angles) correspond to neutral (charged) excitons. QD1 and QD2 correspond to the
emission lines identified in Fig. 2(b). In panel (a), the spontaneous emission rate of
similar QDs embedded in bulk GaAs serves as a reference (horizontal solid line:
mean value; dashed lines: +1 std). In panel (b), the reference for the intensity at
saturation (lst) is measured on individual dots embedded in a low-density sample
(horizontal solid line: mean value; dashed lines: =1 std). See main text for details.
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on 10 excitonic lines (three charged and seven neutral excitons) mea-
sured in six similar devices. Large SE accelerations are routinely
observed. The fastest measured line features I',/Tbux = 5.6, thus
approaching the predicted maximum radiative rate.

To determine the source brightness, we compare the saturation
intensities I, of QD1 and QD2 to the one of a QD embedded in an
unprocessed environment. Our reference is an isolated InAs QD
embedded in a planar GaAs layer and located 120 nm below the air-
semiconductor interface. It features a calculated collection efficiency
€ref = 1.2 x 1072 for a first lens with NA = 0.75. In practice, the refer-
ence sample was grown by molecular beam epitaxy and belongs to a
“border zone,” where the QD areal density is low enough to ensure that
single emitters can be isolated under the microscope excitation spot. We
note that such QDs generally feature a significantly polarized emission,
as observed earlier.”” By studying several isolated QDs, we determine
a mean reference value at saturation Igerr = 3.2kHz (standard
deviation of 0.9 kHz). For QD1 (QD2), we measure I, = 64 kHz
(I = 77 kHz). This corresponds to a brightness improvement by a fac-
tor of 20 (24) and yields a collection efficiency of 0.24 (0.29) for a first
lens with NA = 0.75. Figure 4(b) summarizes brightness measurements
conducted on several nanocavities. The brightest line features a collec-
tion efficiency as high as 0.35.

This figure of merit could be further improved to reach the theo-
retical limit by stabilizing the QD charge state’’ and/or by employing
deterministic fabrication techniques. The top-down fabrication route
used in this work could be refined by performing cathodo- or photo-
luminescence imaging, followed by an aligned e-beam lithography to
define a nanocavity around selected self-assembled QDs.””" A
bottom-up approach represents an appealing alternative for determin-
istic fabrication. A two-step core-shell growth has already been
employed to realize nanowire antennas embedding a single, on-axis
QD.'”?'?* Purthermore, the nanowire nucleation site can be con-
trolled through a proper patterning of the growth substrate.”"****

To conclude, we have introduced and demonstrated a nanocavity
which provides large SE acceleration and collection efficiency over a
broad spectral range. These are key assets to realize a bright and widely
tunable source of indistinguishable single photons, for example by
applying mechanical stress on the QD with an integrated piezoactua-
tor."” We note that thanks to its nanoscale volume, the proposed
nanocavity additionally features a small sensitivity to the QD spectral
broadening associated with low-frequency thermal vibrations.”” In
the future, elliptical nanocavities could provide a full control over the
polarization of the emitted photons, in analogy with previous work on
nanowire antennas.”’ The proposed nanocavity is also promising for
the emission of pairs of polarization-entangled and indistinguishable
photons. Beyond advanced quantum light sources, this broadband
photonic structure could enhance optical non-linearities involving sev-
eral detuned QD transitions’ or be used to explore subtle nonresonant
couplings between distinct QDs."” Finally, from a technological point
of view, the relative simplicity of the device makes it also very appeal-
ing for emergent material systems, which are not yet as technologically
mature as ITI-As semiconductors.

See the supplementary material for (i) the calculated diameter
dependence of (I, /Tpu), |7|* and ||, (ii) the calculated f fac-
tor and collection efficiency for off-axis emitters, (iii) the fabrication
process, and (iv) an estimation of the device fabrication yield.
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