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We use strain to statically tune the semiconductor band gap of individual InAs quantum dots
(QDs) embedded in a GaAs photonic wire featuring very efficient single photon collection efficiency.
Thanks to the geometry of the structure, we are able to shift the QD excitonic transition by more
than 20 meV by using nano-manipulators to apply the stress. Moreover, owing to the strong trans-
verse strain gradient generated in the structure, we can relatively tune two QDs located in the wire
waveguide and bring them in resonance, opening the way to the observation of collective effects such
as superradiance.

Epitaxial semiconductor quantum dots (QDs) embed-
ded in nanophotonic structures are very efficient single
photon sources (see [1–3] and [4] for a review). How-
ever their use in quantum information protocols involving
more than two sources has been hindered by the disper-
sion in energy of different QDs. This dispersion is due to
their intrinsically random self-assembly fabrication pro-
cess [5], so that two QDs are never alike. QD energy tun-
ing can be achieved using temperature [6], electric field
[7–9], or material strain [10–14]. Temperature tuning is
limited to fine tuning. Electrical control is also suitable
for fine tuning and can reach shifts up to 25 meV [9].
Strain tuning can be used for fine tuning [10, 11, 13, 14]
(see [15] for a review) and, as temperature and electrical
tuning, can enable two-photon interferences with two dif-
ferent QDs [6, 8, 11]. Interestingly, it offers the additional
possibility to generate ultra-large shifts up to 500 meV as
demonstrated by Wu et al [12] using a diamond anvil cell.
Such cells are however limited to bulk systems and are
unsuitable to QDs embedded in photonic environments.
Fine strain tuning is usually realized by bonding the bulk
QD structure on piezoelectric actuators [10–12, 14, 15],
imposing limitations on the structure geometry. Remark-
ably, Kremer et al [13] managed to achieve up to 1.2 meV
strain tuning for a QD embedded in a nanowire antenna
using this bonding technique.

In this paper, we demonstrate large static strain tuning
(up to 25 meV) of QDs embedded in a photonic waveg-
uide allowing efficient light extraction [1]. Four years
ago, these photonic structures were used by some of us as
mechanical oscillator to demonstrate strain-mediated op-
tomechanical coupling [16] (see also [17]). In the present
work, the strain is produced statically using a nanoma-
nipulator enabling the realization of bright and broadly
tunable quantum light sources. In addition, since the
generated strain field features a very large gradient across
the wire diameter [18], our method allows us to bring
in mutual resonance two QDs contained in a waveguide
and opens interesting perspective for the observation of

Figure 1. (a) Tilted scanning electron microscope (SEM)
view of the GaAs photonic tapered waveguide from sample
S1. The QDs (red triangle) are located 110 nm above the
basis. The top facet is covered by an anti-reflection coating
(false, green color). (b) SEM top view showing the top facet
of a waveguide and the tip of the nanomanipulator. Between
the left and right image, the tip has moved and pushed the
top of the waveguide by 1 µm. (c) Experimental set-up based
on a modified cathodoluminescence set-up: a laser excites the
QDs photoluminescence and we use SEM imaging to monitor
the position of the tip with respect to the top facet.

collective spontaneous emission effects such as superra-
diance [19].
Our system is based on the GaAs tapered waveguide

shown in Fig.1(a) and described in detail in [1]. The
waveguide from sample S1 that we have used for the first
experiment (see Fig.2) is 12 µm high. The top diame-
ter has been measured to 1.69 µm, and the bottom di-
ameter to 350 nm. Self-assembled InAs QDs (around
10) are located at random lateral positions in a plane at
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Figure 2. Energy shift as a function of the displacement X
of nanomanipulator tip obtained from a QD embedded in the
waveguide from sample S1. (a) Photoluminescence spectrum
of a single QD for varying nanomanipulator positions X. The
right most peak corresponds to X = 50 nm and the left most
to X = 850 nm. The increment between two consecutive
peaks is 50 nm. (b) Relative energy shift as a function of
the displacement of nanomanipulator tip corresponding to the
data shown in (a). The black square are for increasing dis-
placement, and the red circles correspond to the way back.
The slight kink on the way back is attributed to the slippage
of the tip. (c) Map of the calculated energy shift caused by
the strain gradient across the QD plane for a top facet dis-
placement of 100 nm along the horizontal axis. The slope of
31 µeV/nm of (b) corresponds to a QD located on the dash-
dotted line at 70 nm from the zero strain line.

110 nm above the basis of the structure, which stands
on a planar gold mirror to redirect all the light to the
top. This photonic structure has been designed for effi-
cient collection of the single photons emitted by the QDs
[1] as well as for the efficient optical addressing of the
QD [20, 21]. This inverted cone geometry also features
a very strong optomechanical coupling: the mechanical
displacement of the top facet induces a large strain in the
lower part of the structure affecting the energy of the fun-
damental excitonic QD transition [16]. In [16], the top
facet motion was caused by the mechanical oscillation
of the fundamental flexural mode. In the present work,
the displacement is induced statically by a tungsten tip
mounted on a nanomanipulator pushing the structure top
(see Fig.1(b),(c)). We then excite the QD photolumines-
cence (PL) to determine the effect of this static stress on
the excitonic line energy.
To perform these experiments, we have adapted a

cathodoluminescence set-up to benefit from a scanning
electron microscope (SEM) operating at cryogenic tem-
perature and equipped with a window for optical access
(see Fig.1(c)). This allowed us to use SEM imaging to
monitor the relative position of the nanomanipulator tip
with respect to the waveguide (see Fig.1(b)) while ex-
ploiting the optical access to carry out PL experiments
at a temperature T = 5 K. The PL is excited by a con-
tinuous laser tuned to λ = 830 nm, below the energy
band gap of GaAs. The laser beam is focused on the
device with an aluminum parabolic mirror and generates
charge carriers in the QDs wetting layer. The QDs PL is
collected with the same mirror, and is sent to a grating
spectrometer equipped with a CCD camera for spectral
analysis. The alignment of the optical part of the setup
is relatively delicate. The device is first aligned on the
focal point of the parabola in cathodoluminescence mode
(luminescence excitation by the e-beam). The laser beam
is then shaped and aligned to be mode-matched with the
cathodoluminescence beam. In order to insure a sufficient
signal on noise ratio in our in-situ SEM PL experiment,
the input slit of the spectrometer has to be opened, lim-
iting the spectral resolution to about 300 µeV as can be
noticed in the experimental spectra below. With a high-
resolution PL set-up, the line-widths of QDs embedded
in these waveguides are typically on the order of a few
tens of µeV [22], and can be as low as a few µeV in the
case of strictly resonant excitation [20, 21].
The closed-loop nanomanipulator features a stick and

slip coarse mode that we use for the approach, and a
fine mode using an analog piezoelectric scanner with a
position noise of about 1 nm and an amplitude of 1 µm
that we use for pushing on the structure. The nanoma-
nipulator tip is electrically grounded and thermalized us-
ing wires connected to the cold plate at a temperature
T = 5 K. The SEM depth of focus allows us to control
the tip height within a few hundreds of nm accuracy so
that the tip contact point is a few hundreds of nanome-
ters below the top facet. Note that the QDs lines are
often redistributed when the tip enters into contact with
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the waveguide, likely caused by the rearrangement of the
electrostatic and thermal environment. As discussed in
the end of the paper, the position noise of the tip can
affect the QD optical line-width.

Once the tip is in contact with the waveguide, the PL
spectrum is recorded as a function of the position of the
nanomanipulator tip as given by the calibrated closed
loop analog piezoelectric driver as shown in Fig.2(a),(b).
Depending on its location within the waveguide, each
QD experiences a different spectral strain-induced shift,
owing to the strain gradient existing in the QD plane
as shown in Fig.2(c). For QDs located far from the zero
stress line, the spectral shift can be as large as 25 meV for
a top facet displacement of 0.8 µm as shown in Fig.2(b).
Note that we are here only limited by the scanning range
of the nanomanipulator and that we could probably push
further before the waveguide breaks.

For quantitative analysis, we used a finite element com-
mercial software to compute the stress tensor in the QD
plane. The main stress component, σzz, is oriented along
the vertical z direction. It depends linearly on the top
facet displacement. For this locally uniaxial stress con-
figuration, the energy shift ∆E of a heavy-hole exci-
ton trapped in the QD is dominated by the shift of the
QD bandgap [23, 24]. We assume in the following that
the QD is composed of an In0.5Ga0.5As alloy, charac-
terized by the deformation potentials a = −7.2 eV and
b = −1.9 eV. ∆E is then given by:

∆E = σzz [a(S11 + 2S12) + b(S11 − S12)] , (1)

with S11 = 1.14 × 10−5 MPa−1, and S12 = −0.35 ×
10−5 MPa−1 the compliance parameters of GaAs (the
wire material governs the mechanical response). From
this simple model, we infer that the QD featuring a shift
∆E = 25 meV for a top facet displacement of 0.8 µm
undergoes a σzz = 420 MPa stress and is located at a
distance of 70 nm from the zero strain line (see Fig.2(c)).

Since two QDs located on either sides of the zero-stress
line undergo energy shifts of different signs, our technique
can be exploited to easily bring two QDs in resonance.
We demonstrate this possibility with a different waveg-
uide sample, named S2. It features a slightly different
geometry (see [16] for a complete description). As shown
in Fig.3, two QDs whose emission energies initially differ
by 2 meV are brought in resonance for a displacement of
the top facet of 70 nm. We have also been able to use two
independent nanomanipulator tips pushing along two dif-
ferent arbitrary directions. This allowed us to choose and
tune the direction of the applied stress gradient. The ad-
ditional degree of freedom brought by a second nanoma-
nipulator would make it possible to bring three QDs on
resonance in the same waveguide.

Relative tuning of two QDs has already been obtained
using strain gradient in different structures [25, 26]. In
our work, the two QDs brought in resonance are embed-
ded in a one-dimensional single mode waveguide, which
opens up interesting perspective to investigate collective
effects in light-matter coupling [19]. If g is the coupling

of a two level system to a single optical mode, the con-
structive coherent coupling of N such two-level systems
to a single optical mode gives rise to an enhanced light-
matter coupling of g

√
N of this collective state leading

to a spontaneous emission rate accelerated by a factor N
[19]. This property can be beneficial for implementing
quantum memories as mentioned in the landmark paper
by Duan et al [27].
We close the paper with practical considerations re-

garding the observation of such collective effects. As
previously mentioned, the position noise of the tip trans-
lates into a spectral broadening of the QD emission lines,
which is obviously detrimental for coherent effects. In
our proof-of-principle experiment, the tip position noise
is 1 nm. For the QD investigated in Fig.2 (70 nm away
from the neutral strain line), this leads to a spectral noise
of 30 µeV. State-of-the-art piezo scanners feature a po-
sition noise below 0.1 nm, allowing to gain one order of
magnitude on the QD linewidth. In addition, considering
QDs closer to the neutral line (∼ 10 nm) leads to spec-
tral fluctuations smaller than the natural QD linewidth
(0.5 µeV for a 1 ns excitonic lifetime). In the same time,
the tuning range remains acceptable (±4 meV for a 1µm
top facet displacement). From an optical point of view,
these slightly off-axis QDs remains very well coupled to
the fundamental guided mode. For a wire diameter be-
low 300 nm, the spontaneous emission coupling factor is
larger than 90% for QDs 10 nm away from the wire axis
[28].
In summary, we have achieved a large static strain tun-

ing of up to 25 meV for a semi-conductor QD embedded
in an optically engineered environment using an original
set-up based on photonic wires stressed by nanomanipu-
lators. Thanks to the strong gradient generated within
the structure, we have demonstrated differential tuning
of two QDs coupled to the same single mode waveguide.
This opens interesting perspectives for the demonstration
of collective effects such as superradiance.
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Figure 3. PL spectra for different nanomanipulator positions
ranging from X = 0 nm to X = 100 nm, measured on sample
S2. The two peaks correspond to two QDs that are located
on either side of the neutral strain line, and therefore undergo
energy shifts of different signs. The two QDs are brought in
resonance for X ' 70 nm.
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