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Abstract: Semiconductor quantum dots are leading candidates for the on-demand generation of single photons and en-
tangled photon pairs. High photon quality and indistinguishability of photons from different sources are critical for quantum in-
formation applications. The inability to grow perfectly identical quantum dots with ideal optical properties necessitates the ap-
plication of post-growth tuning techniques via e.g. temperature, electric, magnetic or strain fields. In this review, we summar-
ize the state-of-the-art and highlight the advantages of strain tunable non-classical photon sources based on epitaxial
quantum dots. Using piezoelectric crystals like PMN-PT, the wavelength of single photons and entangled photon pairs emitted
by InGaAs/GaAs quantum dots can be tuned reversibly. Combining with quantum light-emitting diodes simultaneously allows
for electrical triggering and the tuning of wavelength or exciton fine structure. Emission from light hole exciton can be tuned,
and quantum dot containing nanostructure such as nanowires have been piezo-integrated. To ensure the indistinguishability
of photons from distant emitters, the wavelength drift caused by piezo creep can be compensated by frequency feedback,
which is verified by two-photon interference with photons from two stabilized sources. Therefore, strain tuning proves to be a

flexible and reliable tool for the development of scalable quantum dots-based non-classical photon sources.
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1. Introduction

The on-demand generation of single photons and en-
tangled photon pairs are of fundamental interest for many
applications such as quantum repeaters!’-3), quantum com-
puting® 31, quantum cryptography® 71 and quantum metro-
logy®®-191, Photons as quantum bits exhibit long coherence
time and can travel long distances while only weakly interact-
ing with the environment[''-13, In the past 20 years, sources
based on spontaneous parametric down-conversion
(SPDQ)'4-161 in the non-linear optical crystal have been the
workhorse in optical quantum information sciencel® 91, Se-
veral proof-of-principle experiments have been carried out
with these sources such as quantum teleportation!'7-22, entan-
glement swapping[?3-26], entanglement purification2”l or
cluster/GHZ statel?8-311 generation. However, there is a funda-
mental limit to the brightness of SPDC sources: due to their
Poissonian emission characteristics, a tradeoff between
single-photon purity and source efficiency has to be made.
This is an inherent shortcoming for real-world applications
because photon emission at the push of a button is a critical
requirement in complex quantum protocols.

Semiconductor quantum dots (QDs) are the most prom-
ising candidate to generate single photons and entangled
photon pairs truly on-demand. These so-called ‘artificial
atoms’ exhibit discrete electronic states with excitonic trans-
itions, providing means for high efficiency, deterministic emis-
sionl25 26,32, 331 Moreover, the QDs are highly scalable since
they are readily integrable with established semiconductor
technology. In contrast to the emission of natural ato-
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msB4 351, QDs do not only allow for opticallyB9! or electric-
ally37. 381 excitation, they also obviate the need for bulky and
complex setups. Furthermore, it is possible to integrate these
entangled photon sources on-chip to make them scalable for
distributed quantum networks[3 40l, Several breakthroughs in
the optical quality and photon extraction efficiency of QDs
have allowed their implementation in entanglement swap-
ping schemes at atomic quantum memory wavelengths'l,
Although alternative solid-state emitters such as color cen-
ters in diamond or defects in two-dimensional materials are
being investigated, they each exhibit different drawbacks
with regard to the emission quality, such as low quantum
efficiency or low photon coherence!2 43],

However, ‘'no two snowflakes are alike’ is a principle that
also seems to hold for QDs. Their growth is governed by ran-
domness in shape, material composition, and internal strain
fields. This inability to grow perfect QDs is a major challenge:
As an example, key elements in quantum information pro-
cessing*4-471 such as two-photon interference (TPI) require
photons from different sources to be indistinguishable. Furt-
hermore, due to anisotropies in the QD confinement pot-
ential, the exciton degeneracy is lifted8l. In time-integrated
measurements, the resulting fine-structure splitting (FSS)“#9-31
will significantly decrease the degree of entanglement of pho-
ton pairs steaming from the biexciton-exciton radiative cas-
cadel>2 33, QDs grown by molecular-beam epitaxy (MBE)>4
have so far shown the greatest potential for quantum infor-
mation applications due to their high reproducibility and
photon coherence. In order to modify the electronic and optic-
al properties of QDs to e.g. counteract the broad emission
wavelength distribution, several post-growth tuning techni-
ques were exploited, such as in-situ thermal annealing!3> 56},
magnetic field®7] or electric fields37. 58], However, thermal an-
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Fig. 1. (Color online) (a) Scheme of the cascade emission of the XX. The solid (dashed) line represents the XX decay path by emitting H(V) polar-
ized photons. By applying tensile or compressive strain, the Eg(XX) energy of XX relative to X can be robustly adjusted. (b) Schematic of the
device used for strain tuning of InGaAs/GaAs QDs, as located on the cold figure of a liquid He cryostat. Both the laser excitation and photon col-
lection are performed by a photoluminescence setup above the device. The inset shows a 200 nm-thick QD containing nanomembrane. (c) Low-
temperature PL spectrum with different Eg(XX). The emission line lying on the higher energy side of Xand XXin both spectra is attributed to the
positive trion X* emission. Reprinted figure with permission from Ref. [60]. Copyright 2019, the American Physical Society.

nealing is irreversible and coarse, while magnetic field tun-
ing usually requires bulky equipment unsuitable for scalable
applications. Electric field tuning based on the quantum-con-
fined Stark effectl® is promising but prevents the imple-
mentation of electrical excitation of QDs.

In this review, we recapitulate the development and
achievements for the strain tuning of IlI-V QDs. We start by in-
troducing the effect of external biaxial stress on a QDs contain-
ing nanomembrane placed on a piezoelectric actuatorf®® 611,
The QDs emission wavelength changes proportionally with
the applied voltage to the actuator. In combination with di-
ode structures, QDs can be triggered electrically to emit
wavelength tunable single photons and entangled pairs[61-65,
These hybrid devices also allow for independent tuning of
wavelength and decay time. Light-hole exciton emission
from QDs has been tuned®® 671 via strain, allowing for on-
chip quantum circuit construction(©8-701 due to the in-plane
photon emission. QD containing nanostructures such as
nanowiresl’0-721 have been successfully integrated with piezo-
electric actuators. This approach may be readily extended to
versatile nanostructures such as circular Bragg gratings(73-75],
or micropillarsl’6l, The advantage of the strain tunability of
semiconductor QDs comes with the challenge of piezo
creepl”7, resulting in e.g. wavelength drifts after applying a
DC voltage to the piezo actuator. This effect may be counterac-
ted using frequency feedback, allowing for time-stable TPI of
photons from separated, stabilized emitters. Strain tuning
thus proves a versatile tool that is ready for use in real-world
quantum applications(78l,

2. Strain-engineering of semiconductor quantum
dots

To understand the energy band structure and optical
properties of semiconductors, k-p perturbation theory is com-

monly employed”. The band structure of a semiconductor
is modified under a uniform deformation of the semiconduct-
or caused by the internal or external stress. The effect of
strain on the Hamiltonian was investigated by Pikus and Bir
in the 1960s!8% 811, The changes observed in semiconductor lat-
tices subject to strain fields allow manipulating the excitonic
states and optical emission features of semiconductor QDs.
Fig. 1 shows the effect of strain on InGaAs/GaAs QDs at-
tached to a biaxial piezoelectric actuator that induces. The
QD sample is grown by MBE along the [001] crystal direction
on a GaAs substrate. The self-assembled InGaAs QDs are em-
bedding in layers of GaAs, grown on top of AlGaAs sacrificial
layer. Square patterns are defined in the sample by photoli-
thography. Making use of the selective etching of the sacrifi-
cial layer with diluted hydrofluoric acid, the nanomembranes
are released and become free-standing on the substrate.
They are then transferred on a 300 um thick piezoelectric
[Pb(Mg;/3Nb,/3)03]0.7,-[PbTiOs]y .5 (PMN-PT), allowing for the
application of large, biaxial in-plane strain fields at low tem-
perature. As illustrated in Fig. 1(b), PMMA is used as an adhes-
ive layer between the QD membranes and the piezocera-
mic[82-841, Fig. 1(a) shows the effect of biaxial strain on the elec-
tronic structure in the QD: The biexciton (XX) radiatively de-
cays to the intermediate exciton (X) states with lifted degener-
acy. The X states will then decay to the ground state (G) un-
der the emission of another photon!8l. While the compress-
ive (tensile) strain is applied on the nanomembrane, the neut-
ral X emission presents a blue- (red-) shift while the FSS (6)
stays constant. Fig. 1(c) shows the photoluminescence (PL)
spectra of the neutral X, XX and positive trion X* emission at
a temperature of 5 K. In the experiment, QD1 and QD2 are
defined as negative and positive depending on the energy
difference (Eg) between X and XX photon emission, corres-
ponding to XX transition line located at the right and left side

J Z Yang et al.: Strain tunable quantum dot based non-classical photon sources
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Fig. 2. (Color online) PL spectra of (a) QD1 and (c) QD2 as a function of applied voltage on the PMN-PT actuator. The linear increase of Ez(XX) and
Eg(X*) with Ey for both QD1 and QD2 are shown in (b) and (d). Reprinted figure with permission from Ref. [60]. Copyright 2019, the American

Physical Society.

of X photon emission respectively. (These three emissions are
distinguished by power-dependent and polarization-depend-
ent photoluminescence measurements)[86-88],

In Figs. 2(a) and 2(c), the PL spectra of QD1 and QD2 are
shown as a function of the voltage applied to the PMN-PT actu-
ator. The voltage is swept between 0 to 1100 V with steps of
20 V. When the voltage is positive, an in-plane compressive
strain is always applied on the QDs membrane, resulting in a
blueshift of up to ~1.8 meV. Then, the effect of biaxial strain
on the binding energy binding energies Eg(XX) and Eg(X*)
relative to X is investigated for the different dots. As shown
in Figs. 2(b) and 2(d), both the Eg(XX) and Eg(X*) monotonic-
ally increase with a constant slope while the X emission is
blue shifted. By means of empirical pseudopotential calcula-
tions, this effect is attributed to an increase in electron-hole
Coulomb interaction upon compressive biaxial stress. Furt-
hermore, the FSS keeps constant while tuning the voltage, as
confirmed by the calculations®9.

Therefore, biaxial strain tuning is a reliable method to en-
gineer the QD electric structure in a precise and reversible
way. Excitonic emission wavelengths are controlled and col-
or coincidence between X and XX photons can be achieved.
The possibility to tune the photon emission wavelength can
resolve the scalability difficulty via the specific strain applied
to the different QD sources. On the other hand, the demon-
stration of strain tuning also contributes to the investigation
of other material systems such as 2D graphenel®, quantum
dot molecule®V or silicon-vacancy center in diamond®?, allow-
ing for the fabrication of advanced single and entangled
photon sources.

3. Wavelength tuning of single photons from a
light emitting diode

Semiconductor QDs have the inherent advantages of in-

tegrability with the mature semiconductor technologies that
have matured in the research and industry. Electrically driv-
en single-photon sources (SPs) based on QDs helps to simpli-
fy the bulky laser excitation system and make QDs more valu-
able for the use in on-chip quantum devices!®3-95, In SPDCs
wavelength tunability of the emission can be easily achieved
by using identical bandpass filters® 971, However, due to the
stochastic growth process, different QDs wusually emit
photons at different wavelengths. Strain tuning technique
has been verified to be a viable tool to remove this scalabil-
ity obstacle for QDs in order to realize quantum communica-
tion between remote nodes!'2 9899,

Fig. 3(a) shows the sketch of a wavelength-tunable, elec-
trically triggered light-emitting diode (LED) device contain-
ing InGaAs/GaAs QDs grown by MBE. The QDs are embed-
ded between a n- and p- doped GaAs layers. Nanomem-
branes are fabricated and transferred on the PMN-PT via gold-
gold thermo-compression bonding, allowing for the applica-
tion of in-plane biaxial strain on the QDs. The electric trigger-
ing is implemented by applying a DC bias V4 and a 300 ps
consecutive electrical pulse V,, (see Fig. 3(c)). Another DC
bias V, is applied to the piezoelectric actuator, sharing a
common ground connection with the triggering part. A
microscope objective is located on top of the sample and
collects the emitted photon emission. A sketch of the com-
plete device is illustrated in Fig. 3(a). The microscope image
in Fig. 3(b) shows the electrical bonding on top of the n-GaAs
nanomembrane via aluminum wires82 831,

A sequence of optical characterization measurements is
implemented to demonstrate that this LED allows for adjust-
ing the wavelength of photon emission which is effectively
triggered by ultrashort electric pulses. Fig. 3(d) shows a
group of electroluminescence (EL) spectra for different DC
voltage amplitude. The emission peaks are distinguished with

J Z Yang et al.: Strain tunable quantum dot based non-classical photon sources
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Fig. 3. (Color online) Sketch and characterization of a nanomembrane-based strain tunable single- photon-emitting diode. (a) n-i-p diode
nanomembrane containing InGaAs/GaAs QDs bonded on a PMN-PT crystal via gold-to-gold thermo-compression bonding. The p-contact of the
nanomembrane and the PMN-PT share a common ground. A diode voltage V4 and piezo voltage V,,; can be applied independently. (b) Micro-
scope image of the strain tunable single-photon LED device. (c) The electric pulse applied on the nanomembrane is composed of two parts, the
DC bias V4 and ultra-short pulse V.. (d) EL spectra from LED under different DC bias V;. (e) Fluorescence lifetime histograms of the neutral X

photon emission for different DC bias. Reprinted with permission from Ref. [61]. Copyright 2013, American Chemical Society.
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Fig. 4. (Color online) (a) Tunable X photon emission line under in-plane biaxial strain ;. (a) g < 0 (compressive) and g, > 0 (tensile) strain is ob-
tained for positive and negative electric fields applied to the PMN-PT substrate, respectively. (b)-(d) Autocorrelation measurements are imple-
mented with the X emission, and the suppression of coincidence counts at zero-time confirm the single-photon emission when varying the

strain is applied to the QDs. Reprinted with permission from Ref. [61]. Copyright 2013, American Chemical Society.

polarization-resolved EL measurements. It is also apparent
that the decay time of X photon emission gets altered with
the changing of Vj (Fig. 3(e)). This is ascribed to the reduced
time jitter at a low DC bias because of the band
bending('90-102 More specifically, the quantum tunneling ef-
fect introduces an additional fast, non-radiative decay chan-
nel to the bright excitonic recombination in the QD.

Apart from the investigation of electrically triggered QDs,
their strain tunability in the nanomembrane is also studied,
while keeping the single-photon emission properties. In

Fig. 4(a), the EL-spectrum series as a function of different
electric field £ is implemented by controlling the voltage V.
The X photon emission line shows a blueshift with the £, chan-
ged from -10 to 20 kV/cm. To demonstrate single-photon
emission, the second-order autocorrelation function g@(1) is
measured for the X emission and shown in Figs. 4(b)-4(d). As
evident from the results, the single-photon purity is main-
tained under different strain conditions at the QD. Therefore,
electrically triggered QDs can provide a stable single-photon
emission with a precisely adjustable wavelength.

J Z Yang et al.: Strain tunable quantum dot based non-classical photon sources
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Fig. 5. (Color online) (a) Schematic of the GaAs QDs heterostructure in the GaAs substrate, the length of the arrows are indicating the magnitude
of in-plane strain. (b) Atomic force microscopy (AFM) image of a droplet-etched nanohole on the AlGaAs surface before GaAs filling. (c) Schemat-
ic of the GaAs QDs heterostructure after the etching of the AlAs sacrificial layer. (d) The energy level of the dipole transition in the QDs. X repres-
ents the light hole exciton, which is composed of a dark state (D) and three bright states (B). xand y denote the in-plane crystal direction and z
denotes the out-plane direction. Reprinted with permission from Ref. [66]. Copyright 2013, Springer Nature.
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Fig. 6. (Color online) PL spectra of a heavy hole and light hole exciton in GaAs/AlGaAs QDs. In (a) and (c), the open and filled circles represent the
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light is collected from the cleaved edge of the sample, the open diamond line has the polarization close to the y-direction [1710]. Besides, there is
an additional emission at higher energy in (d) indicting the dominated light hole exciton emission. Reprinted with permission from Ref. [66].

Copyright 2013, Springer Nature.

4. Strain tuning of light-hole excitons

Semiconductor QDs predominantly allow for the forma-
tion of excitonic complexes based on heavy-holes. In con-
trast, light-hole excitons are quasiparticles formed by a single
electron and a light holel'9 104 |t features an in-plane
photon emission, making it suitable for application as an on-
chip photon source. Besides, light-hole excitons allow for map-
ping of photon polarization to electron spin!'%, control of
the light-hole spin state with microwave field'%! or tomo-
graphy measurements on the electron spin state in semicon-
ductor devices'%7l, A light hole ground state can be ob-
tained by applying elastic stress to initially unstrained QDs.
The sketch of the heterostructure is shown in Fig. 5(a). In-

plane anisotropy of the confinement potential is expected
to contribute to light-hole-heavy-hole mixing('%8-1111, The
sample, containing highly symmetric GaAs/AlGaAs QDs is
grown by MBE[''2] and is based on nanohole etching and in-
filling. An atomic force microscope image of a hole etched on
AlGaAs is shown in Fig. 5(b). By etching the underlying AlAs
sacrificial layer, the biaxial tensile strain on the QDs embed-
ded in the membrane, resulting in a light hole ground state.
Photoluminescence measurements are carried out to in-
vestigate the emission of the light hole exciton. Comparing
Figs. 6(a) and 6(b), it is seen that two in-plane polarized light
components are collected from the top of the sample along
zdirection [001]. When the signal is collected from the side

J Z Yang et al.: Strain tunable quantum dot based non-classical photon sources
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conducted at different electric field F,. Reprinted with permission from Ref. [67]. Copyright 2015, American Chemical Society.

view of the sample (Figs. 6(c) and 6(d)) along the x-direction
[110], there is a strong peak appearing at a higher energy
for strained QDs illustrating the generation of the light hole
exciton.

To confirm that the observed emission is from the light
hole exciton, a magnetic field is applied along the zdirection.
Fig. 7(a) shows the polarization-resolved spectra of a single
QD independence of the magnetic field. The two peaks start
to shift and split further with increasing field magnitude ow-

ing to the Zeeman effect. In Fig. 7(b), the polarization-re-
solved spectra are obtained along the x-direction, revealing
the dark exciton state as the field increases(''3,

Now the observed light hole exciton emission is studied
in dependence of strain. Single-photon emission is con-
firmed by second-order auto correction measurements un-
der pulsed excitation, as shown in Fig. 8(a). Applying an elec-
tric field F, along the out-of-plane direction of the PMN-PT
crystal results in a compressive or tensile biaxial strain which

J Z Yang et al.: Strain tunable quantum dot based non-classical photon sources
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brane crystal orientation [110] as a function of the electric field at the piezo. (e)-(i) represent the FSS and polarization angle of different QDs at

zero electric fields F,. Figure is taken from Ref. [65] without changes are made. CC BY!'1),

is transferred to the nanomembrane and therefore causes an
emission wavelength shift (Fig. 8(b)). Auto correlation mea-
surements under different electric fields applied to the PMN-
PT substrate are performed. From Figs. 8(c) and 8(d), we can
see there is no apparent change in g®@(0) at different strain
conditions. This shows that the single-photon emission cha-
racter of the light hole exciton is conserved and therefore in-
dicates that tuning of strain fields does not deteriorate the
emission properties.

5. Fine structure tuning in an entangled-photon
emitting diode

Entangled photon pairs are fundamental elements in
several quantum information applications such as quantum
communication and optical quantum computing. So far,
polarization-entangled photon pairs are mainly obtained
from SPDC in non-linear optical materials. However, the phy-
sical drawback of this source is the probabilistic emission,
resulting in either a low source brightness or an increased
number of multiple emitted pairs per excitation cyclel!4 115,
In contrast, semiconductor QDs can emit photon pairs on-
demand by exploiting the XX cascade via the intermediate X
state. However, the presence of an FSS, describing the lifted
X state degeneracy, limits the polarization-entanglement,
which has been a challenge for QD based entangled photon
sources for over 15 years38l. One possibility to overcome this
issue is by using uniaxial strain fields. This was proposed and
successfully implemented for In(Ga)As/GaAs QDs embedded
in a light-emitting diode and integrated with a PMN-PT sub-

strate. The FSS is then eliminated by uniaxial strain induced
by the piezoelectric actuator, thereby reducing asymmetries
in the QD confinement potentiall'16-118],

Fig. 9(a) shows the schematic of the device. The QDs are
embedded in n-i-p nanomembranes that are bonded on
PMN-PT via gold-to-gold thermo-compression bonding. The
QDs are electrically triggered by a DC voltage V4 and an ul-
trashort electric pulse V,,. Meanwhile, a bias applied to the
piezoelectric actuator results in an electric field F, by which
uniaxial strain is induced in PMN-PT that is transferred to the
QDs. Fig. 9(b) shows the electroluminescence (EL) spectra
obtained from a single QD, showing a shifted emission wave-
length as a function of the electric field applied to the PMN-
PT host substrate since the semiconductor energy band gaps
are modified by the induced strain.

Applying a suitable uniaxial strain to the QDs improves
the symmetry of the confinement potential so that the FSS is
reduced!'20. 1211 Fig. 9(c) shows the relationship between the
FSSs of different QDs as a function of F, It is possible to signi-
ficantly reduce the FSS or even eliminate it when the dot’s
initial in-plane orientation is along the applied strain direc-
tion. With increasing F, the X photon polarization rotates
differently for different QDs (Fig. 9(b)). This is determined by
the original orientation of the X photon polarization at F, = 0.
For QD A and B, the angle between the polarization direc-
tion of the high-energy line with respect to the [110] direc-
tion of the GaAs nanomembrane is higher than 90°. There-
fore, the polarization angle increases with increasing F,
(Figs. 9(e) — 9(f). The polarization angle changes in the op-
posite direction for QD C-E (Figs. 9(g)-9(i)) with initial angles
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Fig. 10. (Color online) Entanglement characterization of the XX and X photons. (a) Cross-correlation measurements for co-polarized photons
(blue) and cross-polarized photon (red) in different polarization projection bases H, V, D, A, R or L. (b) Real and (c) imaginary part of the two-
photon density matrix, from which the degree of entanglement can is obtained. Figure is taken from Ref. [65] without changes are made. CC

BYI119,

smaller than 90°.

After the reduction of the FSS, the degree of polariza-
tion-entanglement for the XX-X photon pairs is investigated.
Cross-correlation measurements are conducted on these
photons (Fig. 10(a)) in co- and cross-polarized bases[37: 38 122],
The first two diagrams of Fig. 10(a) show a strong bunching
behavior for XX and X photons at zero time delay for parallel
polarizations (HH and DD) and an anti-bunching for perpen-
dicular polarizations (HV and DA). The opposite behavior
is observed in the third diagram for the circular polarization
basis. The measurements indicate that the photon pairs emit-
ted by the QD are found in one of the Bell states |¢") =
|HyxHy) + |VxxVx) (H and Vindicate the horizontal and vertic-
al polarization of the photon, respectively). Quantum tomo-
graphy is carried out to determine the density matrix of the
entangled statel'23! (Figs. 10(b) and 10(c)). Reducing the FSS
by applying strain results in an entanglement fidelity higher
than 0.75, determined from the density matrix('24, Therefore,
the strain tuning technique has been successfully proven to
enable high-fidelity entangled photon emission based on
semiconductor QDs.

6. Strain tuning of quantum dot containing
nanowires

In quantum information processing (QIP), there are two
key points for the generation of single photons, which is high
brightness('25 1261 and indistinguishability('27. 1281, QDs em-
bedded in bottom-up grown nanowires have the potential
to fulfilled these requirements!29 130 Nanowire structures
have shown high photon extraction efficiency and high coup-
ling efficiency('3" into single-mode optical fibers due to the
Gaussian emission profilel72. 132 1331 Moreover, nanowires
have been obtained with little spectral dephasing present in
the QDs, allowing for coherence times up to 1.2 nsl134 135,
However, also these structures exhibit distinguishable ex-

citon emission wavelengths from separate emitters due to
stochastic growth processes!'36. 1371,

The emission wavelength of InAsP QDs embedded in
bottom-up grown InP nanowire can be tuned by strain, as illus-
trated in Fig. 11. The nanowires are placed on a PMN-PT sub-
strate (Fig. 11(a)) and are then mounted in a He cryostat (5 K)
with an objective on top for exciting the QDs. The emission
of the nanowire is collected from the side. To investigate the
tunability of nanowires by strain, a series of PL spectra from
the exciton emission is recorded as a function of the applied
voltage. Fig. 11(b) shows that the exciton emission energy is
tuned by ~6.3 meV when applying tensile and compressive
strain by the piezo. Afterward, the exciton emission of two
nanowires placed on two independent piezo-crystals is stud-
ied. Fig. 11(c) shows PL-spectra as a function of the applied
electric field on two piezoelectric crystals. With independent
electric fields applied on these PMN-PT chips, it is possible
to tune the emission wavelength of two QDs into resonance.
Additionally, the exciton lifetimes of the two nanowires QDs
are measured, showing comparable values. This indicates
that the high indistinguishability of the photons from differ-
ent QD sources can be obtained if spectral dephasing in the
QDs is small.

The demonstration of strain tuning on nanowire QDs
proves the great potential for tuning the emission of QDs
embedded in nanostructures. This may facilitate quantum
optical experiments such as TPl based on nano-photonic
devices, and thereby advance the development of on-chip
quantum technologies. One possibility is the combination of
strain-tuning with nanoscale-structures that enhance the
brightness or photon indistinguishability of QD based
quantum light sources.

7. Wavelength tuning of polarization-entangled-
photon sources

As shown above, strain-tuning enables the generation of

J Z Yang et al.: Strain tunable quantum dot based non-classical photon sources
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Fig. 11. (Color online) Sketch and characterization of the device allowing for strain-tuning of QD containing nanowires. (a) Sketch of InP
nanowire containing InAsP QD placed on a PMN-PT substrate, and the PL setup featuring QD excitation from the top and photon collection from
the side. Inset shows the scanning electron microscopy (SEM) image of the nanowires with different taper. (b) QD exciton emission energy as a
function of the voltage applied to PMN-PT. (c) PL spectra of two QDs in separate nanowires on different piezoelectric substrates. (d) and (e) show
the fluorescence lifetime measurements on the excitons for nanowire 1 and 2, respectively. Red lines are the fit functions consisting of an expo-
nential decay convoluted with the detector response function. Reprinted from Ref. [70], with the permission of AIP Publishing.

entangled photons from QDs. However, reducing the exciton
FSS by strain also results in a change of the QD emission
wavelength. For the application of such sources in quantum
information networks, wavelength-tunable entangled photon
emission has to be demonstrated to ensure the indistin-
guishability of photons from separate emitters.

Fig. 12 shows a strain tunable quantum dot entangled
photon source which fulfills that task. The emission wave-
length and FSS can be tuned independently by strain ap-
plied along two orthogonal directions of a thin film of PMN-
PT integrated on a silicon substrate. Fig. 12(a) represents a
vision to employ such a technique in the novel micro-elec-
tromechanical system (MEMS) devices!'38-141], GaAs nanomem-
branes with InGaAs/GaAs QDs are transferred on the pat-
terned piezoelectric substrate (Figs. 12(a)-12(c)). With two
independent pairs of electrodes (“legs”) A-C and B-D, the
QDs emission wavelength and FSS can be adjusted inde-
pendently (Figs. 12(d)-12(e)).

An example of such tuning is shown in Fig. 13. The
voltage applied to B and D are fixed while the voltage Vjc is
swept from 0 to 100 V (Figs. 13(a)-13(b)). The FSS first de-
creases monotonically to a minimum value and then in-
creases again. The phase, angle between the X photon polariz-
ation and [110] crystal direction experiences a sharp drop

around the position where the FSS approaches a minimum,
which is in agreement with theoretical prediction('42, Except
for the FSS tuning, the wavelength variation is also observed
when the Vgp is fixed. The QD emission wavelength under-
goes a linear decrease when sweeping Vjc from 0 to 100 V.
In the meantime, zero FSSs are also obtained at different Vj,
indicating that FSS close to zero can be achieved at different
emission wavelengths by using a suitable combination of Vj
and Vgp (Fig. 13(c)). Fig. 13(d) shows the different strain com-
binations along A-C and B-D, from where we can see the lin-
ear track of minimal FSS. Therefore, Vgp can be scanned to
tune the emission wavelength, and then V)¢ is adjusted to
find minimal FSS.

Finally, the ability to eliminate the FSS at different X emis-
sion wavelengths is verified (Fig. 14(a)). While setting Vgp to
values between 25 and -100 V, different emission wavelen-
gths are obtained in combination with FSSs below 1 ueV. To
further test the entangled photon fidelity, polarization-depen-
dent cross-correlation measurements are performed. An
entanglement fidelity of 0.73 is obtained, clearly above the
classical limit of 0.5. Thereby, a silicon-integrated strain-tun-
able QD based source of polarization-entangled photons has
been realized which allows for wavelength tuning of the en-
tangled pairs.

J Z Yang et al.: Strain tunable quantum dot based non-classical photon sources
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Fig. 12. (Color online) Silicon-based wavelength-tunable entangled photon source. (a) The vision of large scale integration of wavelength-tun-
able sources on silicon chips. (b) Sketch of the device. Focused ion beam (FIB) is used to create trenches on the PMN-PT surface and chemical
etching is performed to suspend the different parts. A nanomembrane is then transferred to the top center of the four “legs”. (c) microscope im-
age of the device, showing the electric contacts on the legs A, B, C, and D, obtained by wire bonding. (d) Tuning of the QD emission wavelength
with the applied voltage Vzp on PMN-PT. (e) Sketch of the biexciton cascade and the possibility of reducing the FSS in the QDs by strain. Figure is
taken from Ref. [39] without changes are made. CC BY['19:
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Fig. 13. (Color online) (a) and (b) show the strain-induced changes in FSS and polarization angle of X photons relative with the QD principal axis.
The voltage is applied on legs A and C and the voltages on legs B and D are fixed at 0 and -25 V respectively. The ellipse in the inset indicates the
asymmetric quantum dot confinement potential and the red solid line indicates the X photon polarization direction. (c) The X photon emission
wavelength changes as a function of the voltage V¢ with two different fixed voltages Vgp at 0 V and —25 V. (d) The change of FSS while altering
the strain in the QD along with two orthogonal directions (A-C and B-D). The dashed line indicates the track of minimal FSS with different strain

combinations. Figure is taken from Ref. [39] without changes are made. CC BY('19],
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Fig. 14. (Color online) Simultaneous tuning of wavelength and fine structure splitting. (a) FSS of a single QD varies as a function of the tunable
emission wavelength. A series of Vp with a step size of 25 V from 25 to -100 V are investigated, while the voltage Vjc is changed at the same
time to adjust the FSS. The red dashed line at FSS = 1 peV implies the FSS limit for generating entangled photon pairs from the QD. (b) Polariza-
tion-dependent cross-correlation measurements on XX and X photons are performed and an entangle ement fidelity f* = 0.733 + 0.075 is ob-
tained. Figure is taken from Ref. [39] without changes are made. CC BY['19),

Single photon emission Frequency discrimination Feedback
1
U LINPBS
HWP Coil current Faraday filter setup HWP :E TPl setup
a suppl u_m
H B——> Rb vapor cell L BSMC
S
g ,
s Y g
£ Pul . AU Pﬂl Digital Pl controller
o) i [o]
E l UU\XJ ® R(®) ﬁ Vout
Temperature —_—
HWP controller Rb I
................... N [4PBS vapor ce

:

Fig. 15. (Color online) Experimental setup for Hong-Ou-Mandel interference with photons from separated and frequency stabilized quantum
dots. A grating-based spectrum filter (SF) is used to filter the Ti: Sapphire excitation laser for resonant excitation of the biexciton state. The QDs
containing membranes are placed on piezoelectric actuators in the 4 K environment and covered with a solid immersion lens (SIL) to enhance
the brightness. The emitted photons from QD1 and QD2 are sent to a frequency discrimination setup. Parts of the photon streams from both
QDs are sent to the Faraday filter setup via the half-wave plate (HWP) and the polarizing beam splitter. The faraday filter setup consists of a
heated rubidium vapor cell in a longitudinal magnetic field and two crossed polarizers in front and behind the cell. Photons are then detected by
single-photon counting modules 1 and 2 (SPCM1 and SPCM2). The estimated photon rates are used by a digital Pl controller to apply feedback
on the voltage applied to the piezoelectric actuators. Thereby the interference visibility is stabilized in the subsequent Hong-Ou-Mandel experi-
ment. Reprinted figure with permission from Ref. [78]. Copyright (2019) by the American Physical Society.

stable Hong-Ou-Mandel interference between photons from
two separate QDs can be demonstrated (Fig. 15). First, part of
the XX photon stream from each source is guided to a fre-
quency discriminator, in this case, a rubidium-based Faraday fil-

8. Frequency feedback for strain tuning

Strain tuning can reversibly alter the wavelength and
fine structure of QDs for their application as single or en-

tangled photon sources, as discussed above. Long-term
stable and reliable indistinguishability of separate QDs based
photon emitters is another step to the real-world applica-
tion!143. 1441, To counteract drifts in the emission features in-
duced e.g. by piezo creep, frequency feedback['45-1471 has to
be employed.

Stabilizing the frequency of single-photon streams has
been successfully realized using strain-tunable QD sources
and a feedback system based on the transmission of rubidi-
um based Faraday filter as a frequency reference. As a result,

ter. It consists of a heated rubidium vapor cell in a longitudinal
magnetic field, sandwiched by two crossed polarizers. Sub-
sequent single-photon detection, an efficient rate estimation
algorithm, and a digital PI controller allow for the generation
of an error signal. Thus, the corresponding tuning voltage is
adapted for the piezo-substrates which carry the QD
nanomembranes. In the experiment, the two QDs (1 and 2)
are both excited via resonant two-photon excitation of the
biexciton state.

In the experiment, the XX photon emission wavelengths
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12 Journal of Semiconductors  doi: 10.1088/1674-4926/41/1/011901

(a) Single photon emission (b) Frequency discrimination
0.8 T
QD1X Rb D1 : — Weak laser _
line | XX i — Measured QD2 A
06| E e Expected QD2 =
— c i © Setpoint I
3 M S E =
> 0 i Scattered . dadbuaisd 2 : 9
2 laser light % ! °
2 © 1 E
8 }: ] ©
E Uﬂw ) S
°
£
0 L_w
793 794
Wavelength (nm) Detuning (GHz)

Fig. 16. (Color online) (a) Emission spectrum of QD1 and QD2. Two-photon resonant 1 pulse excitation is used and the two XX photon emissions
are tuned into resonance with the rubidium D1 transitions. (b) Faraday filter transmission for a weak and narrow-band laser (black solid line) and
frequency-tuned QD2 (red line). The convolution of the laser transmission and QD2 emission profile is used to model the QD transmission (black
dash line). The setpoint for frequency feedback is highlighted. Reprinted figure with permission from Ref. [78]. Copyright 2019, the American
Physical Society.
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Fig. 17. (Color online) Frequency feedback for stable Hong-Ou-Mandel interference. (a) Emission wavelength drifts over time for the frequency
stabilized (red line) and free-running mode (blue line). (b) Estimated Hong-Ou-Mandel interference visibility over time, imagining frequency
drifts as determined in (a). The red line (blue dash line) shows the estimated visibility with (without) frequency feedback. The blue solid line rep-
resents the free-running mode of the QD emission with an integration time as used in the experiment. (c) Second-order correlation measure-
ment after Hong-Ou-Mandel interference at a beam splitter. The red (black) coincidences are obtained for parallel (orthogonal) XX photon polar-
izations at the beam splitter. (d) Hong-Ou-Mandel interference visibility over time with (red) and without (blue) frequency feedback. The visibil-
ity for stabilized emission is always higher than for the free-running mode. The shaded areas represent the uncertainty of visibility based on Pois-
sonian counting statistics. Reprinted figure with permission from Ref. [78]. Copyright 2019, the American Physical Society.

from both sources are tuned into resonance by the piezo- ate QDs is investigated. Assuming frequency drifts as in
actuators. Then, two-photon excitation is used for both QDsso  Fig. 17(a), the interference visibility is estimated for both the
that a pure and deterministic XX emission is obtained('22 148l frequency-locked and free-running case (Fig. 17(b)). Here, the
Fig. 16(a) shows the PL spectrum of QD1 and QD2, in which  experimentally determined lifetimes T; and coherence times
the laser emission is partially suppressed by notch filters. T, from both QDs are used to model the visibility!'49!, The visib-
Fig. 16(b) shows the transmission of the Faraday filter for a ility with applied frequency feedback is expected to be con-
narrow-band laser and the photons from QD2. The fre-  stant since the two XX photon emission frequencies keep in
quency set point is marked on the QD emission transmission  resonance (red solid line). For the free-running model, the vis-
curve. Frequency deviations due to piezo creep translate to  ibility drops significantly with time (blue dash line). The visi-
count rate fluctuations, which are detected by SPCMs. A digit-  bility measurement is implemented by sending the XX
al Pl controller then adapts the strain tuning to the QDs  photon from each QD to one of the two non-polarizing beam
nanomembrane on the piezo crystal by changing the voltage  splitter input ports. By setting the input photon polarization
applied to the PMN-PT substrates(6, to be parallel or perpendicular, the bunching (black field in

From Fig. 17(a), it can be seen that the frequency keeps  Fig. 17(c)) and anti-bunching (red field in Fig. 17(c)) at zero-
stable for the frequency-locked case (red line). For the free-run-  time delay are observed in the second-order correlations.
ning mode, the QD emission frequency strongly increases  Then the interference visibility is determined from the coincid-
with the time, which can be fitted with a logarithmic func-  ences at zero delays for the two different polarization cases.
tion in agreement with the displacement change induced by  As shown in Fig. 17(d), the long-term stability of the interfer-
piezo creep’l. Now, the effect of frequency feedback to  ence over time is tested. With applied frequency feedback,
Hong-Ou-Mandel interference with photons from the separ-  the interference visibility constantly keeps above the case
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with free-running QDs. Furthermore, the interference visibil-
ity reached the maximum value for the employed QD emis-
sion and depends solely on the internal dephasing in the
dots. Therefore, an efficient method to stabilize the fre-
quency of photons emitted by remote QDs is demonstrated,
which can find application in future quantum networks.

9. Conclusion

QDs are a promising candidate to fulfill the ‘wish-list’ for
quantum information applications based on single- and en-
tangled photons. They can overcome the fundamental limita-
tion of SPDCs by emitting photons deterministically and on-de-
mand. The integrability with semiconductor technology al-
lows for a stable and scalable application in future quantum
networks. Post-growth tuning via thermal annealing, electric
or magnetic fields can compensate for the differences in
photon properties inferred from randomness in the QD
growth. However, drawbacks like reversibility, simplicity or
flexibility reduce their applicability. In contrast, strain tuning
provides a highly versatile and scalable platform: QDs may be
tuned on-chip, reversibly, anisotropically and in combination
with electrical control. We illustrate the functionality of biaxi-
al PMN-PT devices, allowing for QD emission wavelength
tunability under optical and electric excitation. The achieve-
ment of a wavelength-tunable light hole exciton emission is
discussed. To successfully generate polarization-entangled
photon pairs, uniaxial tuning with a PMN-PT actuator is ap-
plied to reduce the exciton FSS and restore the degeneracy.
Wavelength-tunable entangled photon sources are obtained
by microstructured, silicon-integrated piezo actuators, allow-
ing for controlled anisotropic strain tuning. At last, the strain
tunable emission wavelength of separate sources is stabil-
ized by frequency feedback and long-term stability of a two-
photon interference experiment illustrated. Based on the
presented developments, the strain tuning of QDs is a scal-
able, versatile and reliable technique that may become a
cornerstone for optical quantum information applications.

Several challenges remain for the practical application of
such sources. The strain tuning platforms need to be exten-
ded for arrays of individual QDs or on-chip nanostructures.
Furthermore, combining anisotropic strain tuning with LED
structures or charge-tunable devices in order to ensure
wavelength-tunability in combination with electrical injec-
tion or high photon coherence. Anisotropic strain tuning
platforms may require feedback to be applied for maintain-
ing a reduced FSS and constant emission wavelength simul-
taneously. Besides, strain tuning is also a viable approach for
the optimization and development of other material systems
such as color centers, 2D materials, molecules and so on. It
can be therefore used as a tool to obtain a fundamental un-
derstanding of novel materials and to tune their properties
for desired applications.
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