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The authors demonstrate the deterministic coupling between a single, site-controlled InGaAs/GaAs
pyramidal quantum dot (QD) and a photonic crystal membrane cavity defect. The growth of
self-ordered pyramidal QDs in small (300 nm base side) tetrahedral recesses etched on (111)B
GaAs substrates was developed in order to allow their integration within the thin GaAs membranes.
Accurate (better than 50 nm) positioning of the QD with respect to the optical cavity mode is
achieved reproducibly owing to the site control. Coupling of the dot emission with the cavity mode
is evidenced in photoluminescence measurements. The deterministic positioning of the pyramidal
QDs and the control of their emission spectrum opens the way for devices based on QDs integrated
with coupled nanocavities. © 2008 American Institute of Physics. [DOI: 10.1063/1.2952278]

Controlling the photon emission by manipulating the op-
tical modes surrounding an emitter is one of the major chal-
lenges of current quantum photonic research. A useful ap-
proach for realizing such system is to integrate the emitter
within a photonic crystal' (PhC) cavity, which would allow
obtaining particularly high Purcell factors due to the high
finesse and the small mode volumes achievable. Moreover,
single or few quantum dot (QD) light sources integrated in
such cavities would be attractive for numerous applications,
including thresholdless nanolasers’ and high-efficiency
single-photon emitters.” One can also foresee the realization
of quantum information devices using such cavity-QD
systems.4 Recent progress in this field includes the demon-
stration of high-Q nanocavities’ as well as the observation of
strong couplin7g between a self-assembled QD and a PhC
defect cavity.e’ In Ref. 7, in particular, strong coupling could
be achieved thanks to the development of a fabrication
method allowing for the precise alignment of a PhC cavity
with a single, preselected QD. However, further advance-
ments will require the development of techniques for achiev-
ing close control on the spatial position and on the emission
spectrum of QD arrays. In particular, precise site and spectral
control will be indispensable for achieving photonic coupling
of several QDs via a system of coupled nanocavities. This is
difficult, if not impossible, to obtain with self-assembly tech-
niques such as the Stranski-Krastanow (SK) QD growth,
which suffer from random nucleation positions and broad
size distributions.

Here, we present the deterministic integration of a site-
controlled QD with a PhC microcavity. The virtually perfect
site control and the narrow inhomogeneous broadening
achieved with the pyramidal QD structures facilitate the de-
sign of the structure and the tuning of the QD emission into
resonance with the optical cavity.

The InGaAs pyramidal QD structures were grown by
organometallic chemical vapor deposition in nitrogen ambi-
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ent on special membrane planar wafers grown by molecular
beam epitaxy on undoped (111)B GaAs substrates. The
membrane substrates consisted of a 1 um thick AlGaAs
layer of high aluminium content and of a 260 nm thick GaAs
layer. The inverted pyramid patterns were made using elec-
tron beam lithography followed by wet chemical etching.
The InGaAs/GaAs pyramidal QDs were subsequently self-
formed at the tip of inverted pyramids etched onto (111)B
GaAs substrates,” due to capillarity-induced surface fluxes of
adatoms.” It has already been shown that the emission energy
and the nucleation site of such pyramidal QDs can be closely
controlled."

In order to incorporate the pyramids inside the GaAs
membrane layer, we investigated systematically the fabrica-
tion of such pyramidal QDs in small pyramids (<300 nm
base side). The developed process involved a deoxidation
temperature of ~570 °C prior to growth, which is about
100 °C below what is commonly employed. Hydrogen
plasma has been demonstrated to be an efficient way to treat
the samples before growth11 (H is a strong reducing agent).
Here, the native oxides present on the GaAs surface were
removed by the reducing action of the hydrogen atoms re-
leased in the cracking of arsine. The low oxidation tempera-
ture dramatically reduces mass transport, and it helps in pre-
serving the shallow substrate pattern. Moreover, since the
QD has to be situated at the center of the GaAs membrane
layer in order to provide efficient coupling with the cavity
mode, QDs with thin (<50 nm thick) buffer layers were
developed, without compromising their luminescence
efficiency.

The evolution of the patterned (111)B GaAs surface dur-
ing deoxidation and growth was investigated using ex situ
atomic force microscopy (AFM). As an example, AFM im-
ages of a 500 nm pitch hexagonal array of inverted pyramids
overgrown with a (nominally) 27 nm GaAs layer are shown
in Fig. 1. In this particular case, the initial etched pyramids
had 300 nm long base sides. The unetched (111)B surface
surrounding the pyramidal recesses is known to exhibit neg-
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FIG. 1. (Color online) Arrays of site-controlled pyramids with a 300 nm
base side, overgrown with a nominally 27 nm thick GaAs layer. (a) Top-
view tapping mode AFM image of a single pyramid. The dashed lines indi-
cate the initial boundaries of the pyramid. (b) Schematic illustration of the
overgrown pyramid. (c) Top-view phase mode AFM image of a 500 nm
pitch array of overgrown pyramids.

ligible growth rate due to the absence of effective decompo-
sition of the metallorganic precursors on the As-rich facets.
However, the AFM images clearly show growth of islands
extending laterally on the (111)B surface from the edges of
the pyramids, which serve as nucleation sites. This regular
lateral growth is in contrast with the irregular, three-
dimensional (3D) growth that takes place on an unpatterned
(111)B substrate, yielding rough surfaces. The regular
growth on the “no-growth” (111)B surface is important for
achieving smooth membrane surfaces, and therefore for ob-
taining large cavity finesse values.

Most of the grown material, however, is deposited inside
the pyramidal recesses, due to effective decomposition of the
precursors at the (111)A Ga-rich facets [see Fig. 1(a)]. The
growth rate is highest at these three facets, thus leading to a
self-limiting growth in the tetrahedral inverted-pyramid
template.9 The small ratio between the (111)A and the
(111)B no-growth areas leads to a rapid filling in of the
pyramidal recess, which requires careful control of the
growth rate to achieve the desired positioning of the QD
within the membrane slab. Besides reducing the nominal
growth rates by adjusting the flow rates of the precursors, we
also introduced areas with micrometer-size etched pyramids
on the substrate, around the area of interest, to avoid too
large growth rates due to long-range (50—100 wm) diffusion
of metallorganic precursors. We also note that the upper sur-
face of the tetrahedral pyramid gradually acquires a hexago-
nal shape [see Figs. 1(a) and 1(b)]. This is because the di-
mensions of the base of the pyramid approach the size of the
width of the facets produced between the (111)A facets due
to capillarity. This size is determined by the dlfqulOIl length
of the adatoms on the corresponding crystal facets,” and it is
about 20—40 nm for the pyramidal structures. Thus, deposi-
tion of the GaAs buffer layer on the patterned (111)B sub-
strate yields an array of regular hexagonal recesses due to the
interplay of growth rate anisotropy and capillarity. Figure
1(c) shows an AFM image of such an array, attesting to the
uniformity of such nanotemplate. Formation of the InGaAs
QDs on this template proceeds by depositing a thin InGaAs
layer, followed by a GaAs cap that can eventually planarize
the upper surface almost completely.

The virtually perfect site control of the QDs is achieved
by seeding the growth of each dot at a desired position,
thanks to the preferential decomposition of the metallorganic
precursors on the inner pyramid facets and the capillarity
effect at the tip of the pyramid. Very good QD uniformity of
such structures has already been demonstrated, with inhomo-
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FIG. 2. (Color online) (a) Cavity response calculated via 3D FDTD numeri-
cal simulations. The horizontal dashed line represents the uncertainty on the
wavelength of the cavity mode. The origin of this uncertainty lies in the
experimental error (=1 nm) associated with the measured values of r and a.
(b) Schematic illustration of L; membrane cavity showing the pyramidal QD
at its center. The calculated intensity electric field distribution of the con-
fined mode is superposed. (c) AFM image of a pyramidal QD integrated in
the PhC.

geneous broademng typically lower than 10 meV and as low
as ~4 meV.'"” For the current studies, we produced also
“single” QD structures, in which the pyramidal recesses were
separated by several 10 um in order to facilitate the fabrica-
tion of the PhC structure around them. These QDs are char-
acterized by a good optical quality, evidenced by the small
linewidth (<200 weV) of the microphotoluminescence
(micro-PL) peak associated with the single exciton. In addi-
tion, photon correlation experiments performed on similar
QD structures have shown clear evidence of single photon
emission,” a prerequisite for the observation of true quan-
tum strong coupling between the QD and the PhC cavity.ﬁ’7
Another important parameter for the determination of the
QD-PhC coupling strength is the QD dipole moment, which
can in turn be estimated from the QD size and radiative
lifetime."* Regarding this point, it should be noted that both
the size (~20 nm in the growth plane,15 ~5 nm along the
growth axis) and the lifetime [~1 ns (Ref. 13)] of our QDs
are very similar to those measured for the SK dots employed
to achieve strong coupling in other QD-PhC cavity
systems.6’7
Based on the results of the AFM characterization and
low temperature PL studies of similar structures, the QD
layer structure for integration with the PhC cavity was de-
signed and grown on the (111)B GaAs/AlGaAs membrane
wafer patterned with pyramidal recesses of various patterns.
The grown structure consisted of a 6.5 nm GaAs buffer
layer, a 0.5 nm Gagglny,As QD layer and a 20 nm GaAs
cladding layer (all layers were nominally undoped). Thick-
nesses correspond to “nominal values,” referring to measured
values of layers grown simultaneously on (100) GaAs sub-
strates. The emission spectra of the QDs were measured us-
ing a micro-PL setup in a helium flow cryostat using a
~1 pm spot of an Ar* laser at A=514.5 nm as the excitation
source. Based on these measurements, a target QD emission
wavelength of 930-950 nm was set. A PhC cavity consisting
of an hexagonal array of cylindrical holes and incorporating
an unmodified L; defect cavity was then designed with the
aid of a 3D finite difference time domain (FDTD) simulation
based on a standard Yee algorithm'® [see Figs. 2(a) and 2(b)].
The Fourier transforms of the simulated s1gnals were calcu-
lated using the Padé-Baker appr0x1mat10n allowmg for
an optimum ratio between the number of iterations and the
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FIG. 3. (Color online) (a) Micro-PL spectra of the integrated QD-cavity
structure acquired at several temperatures. (b) Temperature dependence of
the wavelength of the “free” QD emission (black filled circles and squares)
and of that of the observed cavity mode (red filled diamonds). The continu-
ous lines are guides to the eye.

spectral resolution. From these simulations, it was obtained
that the fundamental cavity mode (TE,-like with respect to
out-of-plane axis) overlaps with the QD emission spectrum
for a~210 nm and »~ 50 nm, where a and r are the period
and the hole radius, respectively.

The designed PhC cavities were then fabricated on top
of the grown QD sample usingg electron beam lithography
with high precision alignment1 of polymethyl methacrylate
deposited on top of 80 nm thick SiO, film patterned using
CHF;/ Ar reactive ion etching. This layer was then used as a
mask for inductively couopled plasma BCl;/N, etching of the
GaAs membrane layer.2 The sacrificial AlGaAs layer was
etched in diluted HF to release the membrane.

Figures 2(a) and 2(b) show the computed response func-
tion and near field pattern for the fundamental mode of a
PhC cavity structure whose period and hole radius (a
=211 nm, r=45 nm) were extrapolated from top-view and
cross-section scanning electron microscope images of the
cavity actually used in the experiments. An AFM image of
such cavity (perfectly aligned with a pyramidal QD) is
shown in Fig. 2(c). The wavelength of the computed cavity
resonance [see Fig. 2(a)] is 951 =5 nm, where the =5 nm
uncertainty originates from the experimental error (1 nm)
associated with the measured values of r and a. A finesse
value of Q=3200 is estimated from the linewidth of this
resonance. This value can actually serve as a benchmark for
the quality of the fabricated PhC structure [see Fig. 2(c)],
since the experimental Q factor is expected to approach the
computed one only for a nearly ideal PhC cavity.

Figure 3(a) shows the micro-PL spectra of the integrated
QD cavity structure at several temperatures, all excited
at 514.5 nm wavelength and 60 W/cm? power density
(~1 um spot size). For temperatures above ~50 K, the
spectra correspond to “free” QD emission, at wavelengths
>950 nm that do not match the cavity resonance. These
spectra show typically several lines, corresponding to exci-
ton complexes confined in the dot.*" At lower temperatures,
resonant coupling with the cavity mode at ~949 nm wave-
length is evidenced. Within the uncertainty, the experimental
value of the wavelength of the cavity mode matches the
computed one (951 +5 nm). Figure 3(b) demonstrates that
the temperature dependence of this spectral line is much
weaker than that of the free QD spectral lines, reflecting the
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temperature variation of the refractive index of the cavity
(24 ,u,eV/K).22 The spectral feature associated with the cav-
ity resonance suggests a quality factor of ~3000, in very
good agreement with the computed value of 3200. This con-
firms the good quality of the fabricated structure, and it sug-
gests that the small residual nonplanarity (<20 nm) resulting
from the incomplete filling up of the pyramid [see Fig. 2(c)]
does not affect the properties of our PhC cavity.

In summary, we demonstrated the deterministic integra-
tion of a site-controlled pyramidal QD with a PhC L defect
cavity. Thanks to the ability to accurately control the position
and the emission energy of these QDs, a matching between
the emitter and the cavity optical mode could be readily ob-
tained. In the near future, we plan to incorporate our QDs in
PhC cavities having higher Q factors (i.e., with modified
cavity terminations’), which should allow for the observation
of strong coupling effects. However, our approach should be
most useful for constructing more complex cavity QD sys-
tems, in which several dots are integrated with several, pos-
sibly coupled microcavities. Such structures would be useful
for studies of photon-mediated exciton entanglement and
very low threshold few-QD lasers.
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