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We report enhanced Stark tuning of single exciton lines in self-assembled (211)B InAs quantum dots

(QDs) as a consequence of pronounced piezoelectric effects in polar orientations, making this QD system
particularly sensitive to relatively “small” applied external fields. The Stark shifts in the first hundreds of
kilovolts per centimeter of applied external field are at least 2.5 times larger, compared to those observed in

nonpiezoelectric (100) InAs QDs of similar size. To account quantitatively for the observed transition

energies and Stark shifts, we utilize a graded In-composition potential profile, as deduced from local strain

analysis performed on high-resolution transmission microscopy images of the QDs. Our results provide a

direct demonstration of the importance of nonlinear piezoelectric effects in zincblende semiconductors.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) are the ultimate
sources of “on-demand” single photons [1], entangled-
photon pairs [2], and indistinguishable photons [3], with
direct applications in quantum cryptography and quantum-
information processing schemes. In this direction, piezo-
electric (PZ) QDs, i.e., QDs carrying in their central part a
strong PZ field along the growth axis, offer concrete
advantages compared to non-PZ QDs on several practical
aspects of single- or entangled-photon sources. First, the
large exciton-biexciton energy differences encountered in PZ
QDs due to the strong PZ field, enable the two lines to
remain resolved with increasing temperature, allowing for
single-photon emission at high temperatures [4]. Second, the
PZ field along the QD growth axis preserves the high
symmetry of the confining potential [5], leading to negligible
fine-structure splittings of the ground exciton state in as-
grown QDs [5-7], which is a prerequisite for the generation
of high-fidelity entangled photons [8]. Another interesting
feature of PZ QDs explored in this work, is their high
sensitivity to relatively “small” external electric fields due to
the quadratic nature of the quantum-confined Stark effect
(QCSE), giving rise to enhanced Stark tunings of their
exciton lines and the possibility for widely tunable single-
photon sources. Such sources open new possibilities in
quantum-information experiments, including, for instance,
enhancing the efficiency of a QD emitter by tuning it in
resonance with a cavity mode [9], entangling the emission of
two remote independent single QDs at the same energy [10],

*Corresponding author.
pelekano @materials.uoc.gr

2331-7019/16/6(1)/014004(8)

014004-1

and fine-tuning the intermediate exciton state to suppress the
fine-structure splitting [11].

In this paper, we focus on self-assembled InAs QDs
grown on (211)B GaAs substrates [12]. The main moti-
vation for using (211)B QDs is that they can be grown in
the Stranski-Krastanow growth mode, which is not possible
in the (111) orientation [13]. A key characteristic of these
high-index-grown polar nanostructures is their possibility
to exhibit pronounced strain-induced PZ fields, which can
dramatically modify their electronic and optical properties.
According to linear elasticity theory applied to cubic polar
heterostructures [14], the PZ polarization Pp; in a biaxially
strained layer is proportional to the linear PZ coefficient ¢4
and the in-plane strain £,, = (a, — a)/a,, where a, and a
are the lattice parameters of the substrate and epilayer,
respectively. This description is often termed as the linear
PZ effect, since higher-order terms of the strain tensor are
neglected in the PZ polarization. It is well known [15,16]
that e;, consists of two opposite-sign contributions: a
purely “electronic” contribution versus an internal strain-
induced one, often called simply “ionic.” In III-V com-
pound semiconductors, the electronic contribution exceeds
the ionic one and e, becomes negative, implying that if the
crystal is expanded in the [111] direction, positive charges
will appear on the B face. As an example, the experimental
e14 values for GaAs and InAs are —0.16 and —0.045 C/m?,
respectively [17]. In these experiments on bulk crystals, the
strain values applied to the samples are minute, of the order
of 1078, posing no real challenge to the linear PZ effect.

The situation changes considerably in the case of two-
dimensional strained heterostructures, such as, for instance,
InGaAs/GaAs quantum wells (QWs), where the typical

© 2016 American Physical Society
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FIG. 1. (a) Conduction-band pro-
files of a 3-nm (211)B InAs/GaAs
QD illustrating the influence of the
nonlinear PZ effect in reversing the
direction of the internal field.
(b) Schematic representation of
the total diode structure. (c) Top
view SEM image of a bonded
device. (d) Macro-PL spectrum
(blue line) from the active region
of the diode, showing characteristic
emission from the QDs and QW) at
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lattice mismatch strain is about 1%. In such relatively high
strains, it is likely that higher-order terms, nonlinear to
strain, contribute to the PZ polarization. This is especially
true in the case of InAs, where the near cancellation of the
electronic and ionic contributions in e, favors the obser-
vation of nonlinear PZ effects [18]. Indeed, an unexpected
dependence of ey on strain, as well as a significant
deviation from the extrapolated values based on the binary
ey4 values has been demonstrated in strained In,Ga;_,As
(111)B QWs [19]. Evidence for nonlinear piezoelectricity
has also been reported earlier in CdTe QWs [20,21].

In the case of high-index InAs/GaAs nanostructures, the
situation is even more favorable for observing nonlinear PZ
effects, considering the very high lattice strains that these
nanostructures can sustain, reaching values up to 7%.
Evidence for the existence of large PZ fields in (h11)
InAs QDs has been reported previously [22,23]. By using
linear bulk InAs PZ coefficient, a PZ field of 250 kV/cm
was estimated for (211) InAs QDs [22]. As a comparison,
we note that this value is only a small fraction of the
7 MV/cm internal field observed in hexagonal c-axis-
oriented GaN QDs [24,25]. However, late ab initio theo-
retical calculations of PZ coefficients in highly strained
InAs have suggested that the quadratic terms in the PZ
polarization are so important that they can reverse the
direction of the PZ field in (A11) InAs QDs and strongly
enhance its amplitude, leading to values as high as
0.8 MV/cm in pure (211) InAs QDs [26]. Such strong
fields are expected to fully dominate the optical and
dynamic properties of (h11) InAs QDs.

In this paper, having in mind the demonstration of a
tunable single-photon emitter at elevated temperatures, we
report an experimental study of QCSE on the emission of

1.55
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single (211)B InAs/GaAs PZ QDs at 100 K. It should be
noted that these QDs continue to behave as single-photon
emitters at 100 K as directly confirmed by antibunching
experiments. Accordingly, bias-dependent microphotolu-
minescence (u#-PL) experiments are performed on specially
designed Schottky-diode samples containing the PZ QDs,
revealing pronounced Stark redshifts of the QD emission
lines under reverse bias. The direction of these shifts
intelligibly demonstrates that the PZ field is opposite of
that predicted based on the linear PZ coefficient, confirm-
ing the importance of nonlinear PZ effects in heavily
strained zincblende nanostructures. This situation is sche-
matically illustrated in Fig. 1(a), where the application of a
reverse bias to the band profile with linear PZ effect will
certainly lead to a blueshift, as opposed to a redshift in the
case of the band profile with nonlinear PZ effects taken into
account. The observed dot transition energies and Stark
shifts are accounted for quantitatively, using a 1D effective
mass approximation model and a graded In-composition
profile deduced by geometric phase analysis (GPA) on
high-resolution transmission-electron-microscopy (HRTEM)
images of the QDs [27].

II. EXPERIMENT

The sample is grown by molecular beam epitaxy on a
(211)B GaAs semi-insulating substrate. The structure starts
with a 1-um-thick n*GaAs buffer layer doped by 10'® cm~3
to be used as the bottom n contact. The intrinsic region
contains first a 40-period 2.5 nm/1.6 nm GaAs/AlAs short-
period superlattice serving as a high-quality template for the
nucleation of QDs. Then follows the active region, which
consists of three 50-nm-thick Aly;Gay;As barrier layers
confining a first 12-nm-thick GaAs reference QW for the
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calibration of the actual electric field applied by the external
bias and a second 10-nm-thick GaAs QW, containing the
QD layer in the middle. The QD layer is formed in the
Stranski-Krastanow mode by deposition of 1.5 ML of InAs
at 500 °C with a growth rate of 0.1 ML/s. The sample ends
with a 5-nm GaAs cap layer to protect the top Aly;Gaj;As
layer from oxidation. A twin sample with an uncapped QD
layer grown on the top surface under the same conditions
provides information about the QD structural characteristics
by atomic force microscopy (AFM). The QDs have a density
of a few times 10° cm™2, a typical height between 1.5
and 2.5 nm, and appear to have relatively large base-to-
height aspect ratios, consistent with a truncated pyramid
morphology [12].

A schematic of the complete Schottky-diode structure is
depicted in Fig. 1(b), while a scanning-electron-microscopy
(SEM) image of a bonded device is shown in Fig. 1(c). The
diodes are fabricated using standard GaAs processing
technology and consist of 0.75-um-deep mesas with
350-500 um diameter, etched down to the ntGaAs layer
by reactive ion etching, onto which ring-shaped n-type
(Ge/Au/Ni/Au) Ohmic contacts are evaporated and acti-
vated by rapid thermal annealing at 410 °C. On the top of
the mesa, Ti/Pt/Au Schottky contacts are formed in a ring-
shaped geometry with (175-250)-um-wide rings at the edge
of the mesas, whereas in the interior region of the rings,
80 nm of Ti is deposited in which nanoapertures with
varying diameters between 350 nm and 5 ym are opened
by electron-beam lithography for optical access. The p-PL
spectra are collected using a 40x objective with numerical

aperture of 0.65 from a spot size smaller than 1.5 ym. The
sample is cooled down to 100 K in a liquid N, (LN) flow
cryostat. A variable-wavelength continuous-wave Ti:sap-
phire laser is used as the excitation source. In all biased
experiments, the excitation power is sufficiently low
(approximately 1 W/cm?) to keep screening effects in the
diode negligible. The signal is dispersed in a 0.75-m
spectrograph with a 600 grooves/mm grating and is
detected with a LN-cooled charge-coupled-device camera.

Specimens for HRTEM imaging are prepared in cross-
sectional geometry by the standard sandwich technique,
followed by mechanical grinding and low-voltage Ar* ion
milling in the Gatan PIPS. HRTEM observations are carried
out in a Jeol 2011 electron microscope operated at 200 kV.
Local strain analysis is performed on numerous HRTEM
images of QDs by GPA, where the reduced relative
variation of the lattice fringe interplanar spacing is deter-
mined with respect to a reference region. Assuming the
validity of Vegard’s law, the GPA strain profile of a given
QD can then be associated with compositional variations
within the dot.

III. RESULTS AND DISCUSSION

The macro-PL spectrum obtained at 100 K from an
unprocessed part of the sample is presented in Fig. 1(d) and
exhibits characteristic broad emission from the QD layer in
the 1.20-1.32 eV range, as well as intense heavy-hole (HH)
and light-hole (LH) emission from the reference QW,. The
latter assignment is supported by the precise transition
energy fitting discussed below. The sharp-peaked spectrum
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FIG. 2. (a) Variation of HH and LH
transition energies of QW as a func-
tion of external bias at 100 K. The
dotted lines represent theoretical es-
timates of the QW,; transitions.
(b) Calibration curve (red line) be-
tween external bias and applied elec-
tric field extrapolated from the
experimental points (dots) obtained
by fitting the QW, transitions for

(@) 154 (b) 1501
> g 90
= 152 S -
> < L
o = 60f
] ke
2 I
L ic L
30 |-
1.50 -
0 |
0.0 0
(c) 1.290 (d) 1.270
1.285 1.265 k&
S — S
° s Q<
= 1.280 = 1.260
) )
[0] (0]
= { ]
W 4 o7s W 4255
1.270 1.250
40 60 80 100 120 140 40

Field (kV/cm)

each bias. (c),(d) PL images recorded
for various values of the applied
electric field at 100 K from two
different single QDs.

60 80 100 120
Field (kV/cm)

014004-3



S. GERMANIS et al.

PHYS. REV. APPLIED 6, 014004 (2016)

underneath the QD macro-PL corresponds to micro-PL
emission from a few QDs through a nanoaperture of
relatively small size. In Fig. 2(a), the PL spectra of QW,
are plotted as a function of external reverse bias in the range
of 0 to 1.1 V, showing pronounced Stark shifts for both
transitions reaching 10.8 meV for the HH peak as the bias
increases to 1.1 V. Beyond this value, the QW PL weakens
drastically due to carrier escape and a decrease of oscillator
strength caused by band bending. By comparison, the PL.
from single QDs persists up to 4 V of external bias,
reflecting the much stronger carrier confinement in QDs.
By solving the one-dimensional (1D) self-consistent
Schrodinger-Poisson equation for QW; as a function of
applied electric field with parameters taken from Ref. [28]
and fitting the HH and LH transition energies for each bias
shown as dotted lines in Fig. 2(a), we deduce the calibration
curve of Fig. 2(b) between applied electric field F' and
external bias V. The obtained linear law indicated in the
figure reproduces very well the one estimated for an ideal
diode with an intrinsic region thickness of D = 0.34 um,
while its zero-bias limit F; corresponds to an internal diode
field of 25 kV/cm in good agreement with a Schottky-
barrier height of 0.8 eV.

Using the calibration curve of Fig. 2(b), we present in
Figs. 2(c) and 2(d) the PL images as a function of applied
electric field for two different single PZ QDs, which are
representative of measurements on more than a dozen QDs.
In each case, the biexciton (XX) and neutral exciton (X)
emission lines are identified according to their quadratic
and linear power dependence, respectively, in conjunction
with the absence of any other lines around the single QD
emission. The linewidth of the X line is about 0.5-0.6 meV
in both cases, very similar to the 100-K linewidths reported
for (100) QDs under nonresonant excitation [29]. The
excitation power level is kept constant for all values of
external bias and is adjusted just below the saturation
regime for the X state at zero bias. For clarity, the QD PL
images in Fig. 2 are normalized to the X peak intensity.
With increasing bias, the QD PL progressively drops in
intensity, with the exposure times at high fields being 3
times larger compared to low fields. The main reason our
experiments are limited to a reverse bias of 4 V is to keep
leakage currents low. The continuous redshift of the QD
lines throughout the applied bias range allows us to
conclude that the external field applied to the structure
“adds” to the internal PZ field of the QD, which is already a
significant result in itself, as it demonstrates experimentally
the importance of second-order PZ terms in strained
zincblende nanostructures [26]. Because as illustrated in
Fig. 1(a), if only linear PZ terms were applicable, then for
the (211)B orientation and the sign of bulk InAs e,
coefficient, the direction of the applied electric field would
be antiparallel to the PZ field, thus, producing blueshifts
instead of the observed redshifts. In Fig. 2(c), we observe
for the X transition of QD a redshift of about 5.8 meV for

the first 140 kV/cm of applied electric field, which is
already approximately 2.5 times larger than the respective
Stark shifts observed in (100) counterparts [30] in the same
field range. Moreover, we observe that the Stark shift varies
significantly from one QD to another. For instance, QD, in
Fig. 2(d) gives a Stark shift of only 3.4 meV in the same
field range. This cannot be attributed merely to QD size
variation, as in this picture, QD, emitting at lower energies
than QD; should be of larger QD size and thereby exhibit
larger Stark shift, which is obviously not the case. These
dot-dependent Stark shifts strongly suggest that not only
the dot size but also the In content varies from one dot to
another. In order to explain the observed shifts, we resort to
quantitative HRTEM methods to obtain direct information
about the strain state and In-content profile of our QDs.

HRTEM imaging along the [011] and [111] projection
directions shows that the QDs tend to adopt an anisotropic
pyramidal shape elongated along the [111] direction with a
base-aspect ratio in the range of 1.2-1.4 [31]. In Fig. 3(a), a
typical HRTEM image of a QD is depicted along the [011]
projection direction. Despite the presence of intense
strain contrast, an approximate value of the QD width of
8—10 nm, a QD height of about 2-3 nm, and a wetting layer
(WL) thickness smaller than 1 nm can be determined. No
crystal defects are observed in the QD, implying the
absence of plastic relaxation. For GPA strain measure-
ments, a g/3 Gaussian mask corresponding to 1-nm spatial
resolution in image space is placed around each of the two
noncollinear 111-type spatial frequencies in the fast-
Fourier-transform diffractogram of the HRTEM image.
The underlying GaAs layer is used as a reference region.
In the GPA strain map of Fig. 3(b), a zero average in-plane
strain €,, = 0 is determined, suggesting full registration of
the two lattices and elastically strained QDs. Small devia-
tions of the ¢, strain from the average value may arise due
to thickness fluctuations of the sample in the area of interest
and can be neglected. Conversely, a significant variation of
the GPA strain along the growth direction is observed in
Fig. 3(c). As depicted in the ¢, line profile of Fig. 3(d)
taken along the dotted arrow in Fig. 3(c), the out-of-plane
strain gradually increases from e,, = 0.042 £ 0.001 near
the GaAs/InAs interface to almost 0.111 4 0.001 at the
apex region of the QD and then rapidly descends to zero at
the QD apex/GaAs cap-layer interface. This trend is
observed in all QDs studied, though with different e,
range of values. The corresponding &,, profile across the
WL starts from about zero just above GaAs and reaches a
maximum value of 0.042 4 0.001, suggesting significant
intermixing [32].

Subsequently, the elastic response of pure InAs QDs is
estimated assuming that the dots are under biaxial strain
and following the formulation of Hammerschmidt er al.
[33]. The calculation of Poisson’s ratio and the strain tensor
along the [211] direction of the zincblende lattice, in
conjunction with the bulk lattice parameters of GaAs
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FIG. 3. (a) HRTEM image depicting an InAs QD embedded in
GaAs(211)B along the [011] projection direction. (b) Corre-
sponding GPA strain map showing an average ¢,, = 0 in-plane
strain (color bar). (c) GPA strain map along the growth direction
illustrating the variation of the &, strain inside the QD with the
GaAs lattice as reference. The shape of the QD is roughly
delineated, while the tilted arrow denotes the WL. (d) Corre-
sponding line profile of the ¢, strain along the dotted arrow in
(c) showing the progressive increase of ¢_, from the base towards
the apex region of the QD.

and InAs, lead to the theoretical InAs-on-GaAs(211) €,, =
0.1201 GPA strain value. Hence, introducing the effective
out-of-plane d-spacing values of the QDs extrapolated from
our experimental GPA strain measurements into Vegard’s
law, we extract the chemical composition profiles of the
QDs. For the QD of Fig. 3, the In content in the QD

increases from xgp = 35% near the base to 92% (+1%) at
the apex of the QD, suggesting that Ga segregates in the
QD lattice mainly at the initial stages of QD growth.
Similarly, the In content in the WL increases from zero at
the interface to about 35% + 1%, implying that it should be
considered as an In,Ga;_,As alloy. Among the different
QDs studied by GPA, the average In content at the base
region is (xop) = 25% + 3%, while at the apex (xqp) =
70% =+ 6% with the maximum value of xop = 92% + 1%
corresponding to the dot of Fig. 3.

Next, we try to simulate the observed transition energies
and Stark shifts of our (211)B InAs QDs using a graded In-
composition potential profile according to the conclusions
of the preceding strain analysis. This is achieved by solving
a 1D Schrodinger equation in the envelope function
approximation using the NEXTNANO® semiconductor nano-
device simulator [34] including strain and PZ effects in the
(211)B orientation. Material parameters are taken from
Ref. [28]. The 1D simplification is justified in our case by
the large aspect ratio of the QDs, implying that quantum
confinement along the growth direction is much stronger
compared to lateral confinement and the fact that the
applied electric field is parallel to the growth axis leaving
uncoupled the other quantization directions. An indepen-
dent confirmation of the small lateral confinement energies
in our system derives from the observation of s-p splittings
of about 30 meV in photoluminescence excitation spec-
troscopy of single QDs. The QD height is fixed to 2 nm,
keeping with AFM and HRTEM results. Then, we try
several In profiles in order to reproduce the X-transition
energy and the Stark shift of QD; in Fig. 2(c). For this
particular QD, excellent fitting is obtained in Fig. 4(a),
assuming a linear In profile starting from 30% at the base
and reaching 74% at the apex of the dot. It should be noted
here that the X-transition energy is quite sensitive to the
average In content in the QD but not so much to the
steepness of the In profile. As an example, for pure InAs
QDs, the X-transition energy is estimated 0.26 eV lower
than the 1.282 eV of QD;. On the other hand, if instead
of the 30% to 74% profile, we assume 0% to 100%, the
X-transition energy merely changes by 6 meV. The steep-
ness of the In profile, however, can have a notable effect on
the Stark-shift curve. In the above estimates and fitting, the
nonlinear PZ effect is been implicitly taken into account,
using the second-order PZ coefficients of Bester et al. [26].
It is important to stress that without the nonlinear PZ
effect, it is impossible to reproduce the observed redshifts.
This is elucidated in Fig. 4(a), where we compare the
best-fitting solid curve including the nonlinear PZ effect
with the dash-dotted line produced assuming only a linear
PZ coefficient and which clearly predicts a blueshifting
behavior, unlike the experimental observation. This com-
parison constitutes a clear experimental verification of the
importance of nonlinear PZ effects in heavily strained
zincblende nanostructures.
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FIG. 4. (a) Experimental values
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(dots) of the QD X-transition energy
versus applied electric field and cal-
culated curve (red line) including
nonlinear PZ terms. For comparison,
the calculated curve with only linear
PZ terms taken into account is also
shown (dashed line). (b) Comparison
of Stark shifts between (211)B and
(100) QDs showing the potential of
PZ QDs in obtaining enormous Stark
shifts compared to non-PZ QDs.
(c) Calculated Stark shifts of the
X-transition energy of QDs with
heights of 2 and 3 nm, either for pure
InAs (dashed lines) or for graded 74%
to 30% In-content profile (solid lines).
The inset depicts the conduction-band
profiles and respective electron ground
wave functions for the 2- and 3-nm-
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In Fig. 4(b), we extend the calculated Stark shifts for
QD; up to 400 kV/cm in order to compare with the
reported experimental data for non-PZ (100) InAs QDs
[30]. A Stark shift greater than 50 meV is estimated for our
(211)B QDs at 400 kV /cm, about 3 times larger than the
corresponding Stark shift of (100) QDs, demonstrating the
large potential of these PZ dots towards the implementation
of broadly tunable singleOphoton emitters at high temper-
atures. Finally, in Fig. 4(c), we plot the estimated Stark
shifts in the case of pure (211)B InAs QDs (dashed lines) or
30%-74% graded In profile (211)B In(Ga)As QDs (solid
lines) for two different QD heights of 2 and 3 nm. The
curves follow the expected trend in the sense that the larger
Stark shifts correspond to the pure and larger QDs, with the
shifts almost doubling with respect to the graded QDs in the
first 150 kV/cm. Taking a closer look, however, we realize
that the 2- and 3-nm-graded In curves are unexpectedly
close to each other, unlike the 2- and 3-nm curves for pure
InAs QDs, which vary substantially. Following several
simulation runs, this behavior is attributed to the fact that in
the case of the relatively shallow 2-nm-graded InAs QDs,
the carrier wave functions under the influence of the
electric field “spread out” into the adjacent GaAs layers,
a situation which increases their Stark tuning. This effect
disappears as the QD levels become deeper. The different
confinement in the two cases is illustrated in the inset of
Fig. 4(c), where the probability to find the ground electron
inside the 2-nm-graded QD is barely 46.4%, already at
zero-applied electric field, whereas the same probability
rises to 62.5% for the 3-nm-graded QD. In other words,
enhancing further the tunability of these single-photon
emitters should not only involve making the QDs larger

100

200 300 400
Field (kV/cm)

graded QDs at zero-applied electric
field. The numbers in each case re-
present the probability of finding the
electron inside the dot.

and of pure In content but should also involve a careful
design of the surrounding QW material.

The data of Fig. 4(a) can also be fitted using the equation
E = E, + pF + BF? with F > 0, giving a dipole moment
of p=—4ueVkV-'cm and a polarizability S =
—0.25 ueV kV~—2cm?. These values can be compared with
p=—24pueVkV~'cm and g = —0.10 ueVkV~—2cm? in
the work of Bennet et al. [30]. The higher negative value of
the dipole moment in our case can be attributed to the
nonlinear PZ field, which, in addition to the composition
gradient, pushes further the holes towards the apex of the
dots. On the other hand, the significantly larger polarizability
in our case cannot be simply attributed to a larger QD height,
as our dots emit at 1.28 versus 1.32 eV in Bennett et al. [30],
energies which are not so different to justify such variation in
dot size and polarizability. We suggest that the enhanced
polarizability in our dots is at least in part related to the field-
induced spreading of the dot wave functions into the
adjacent GaAs layers, which as mentioned above, increases
significantly their Stark tunings.

IV. CONCLUSION

In summary, we observe enhanced Stark tunings of
single exciton lines of (211)B InAs QDs at 100 K, due
to the internal PZ field present in these nanostructures. The
observed Stark shifts are at least a factor of 2.5 higher
compared to standard non-PZ (100) InAs QDs, making this
PZ QD system quite suitable for the implementation of
tunable single-photon emitters at high temperatures. To
account quantitatively for the observed transition energies
and Stark shifts, we utilize a graded In-composition
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potential profile, as deduced from GPA strain analysis on
HRTEM images of the QDs. The direction of the observed
redshifts clearly demonstrates that the PZ field is opposite
of that predicted based on bulk InAs PZ coefficients. Our
findings are in excellent agreement with recent theory
taking into account nonlinear piezoelectric effects in highly
strained InAs and have wide implications for the under-
standing of strained nanostructures grown along polar
directions, such as, for instance, nanowire heterostructures
grown along {111} crystallographic orientations.
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