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G
aAs-AlGaAs planar heterostructures
are well suited for high-speed elec-
tronics and optoelectronics owing

to the direct bandgap of GaAs, nearly per-
fect lattice matching of the GaAs-AlGaAs
interface, and a high electron mobility.1

Since GaAs-AlGaAs heterostructures were
realized in nanowire form,2,3 they have been
explored as potential components for ultra-
small, high performance devices including
high-electron mobility transistors,4 lasers,5,6

and light-emitting diodes.7,8 This is mainly
due to the unique one-dimensional geome-
try of nanowires, which facilitates formation
of radial and axial heterostructures anddirect
incorporation into Si baseddevices. Recently,
several authors have reported sharp PL
emission features, occurring below the band
edge of AlGaAs, in GaAs-AlGaAs core�shell

nanowires.9�15 These sharp emission lines
imply the presence of a perturbed potential
landscape that may localize excitons and
degrade carrier mobility. While it is generally
desirable to suppress random potential fluc-
tuations, well-controlled composition pertur-
bations such as self-assembled quantumdots
(QDs) in nanowires16�18 exhibit unique and
potentially useful emission characteristics. In
both cases, the correlation of nanoscale com-
position modulation and optical properties is
important fundamental challenge.
Several groups have reported the detection

of composition fluctuations in GaAs-AlGaAs
core�shell nanowires, by variousmethods,9,11

but a statistical correlation between the struc-
ture and the optical properties has not been
made mostly due to the lack of quantita-
tive information on the composition features.
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ABSTRACT GaAs-AlxGa1�xAs (AlGaAs) core�shell nanowires show great

promise for nanoscale electronic and optoelectronic devices, but the application

of these nonplanar heterostructures in devices requires improved understanding

and control of nanoscale alloy composition and interfaces. Multiple researchers

have observed sharp emission lines of unknown origin below the AlGaAs band

edge in photoluminescence (PL) spectra of core�shell nanowires; point defects,

alloy composition fluctuations, and self-assembled quantum dots have been put

forward as candidate structures. Here we employ laser-assisted atom probe

tomography to reveal structural and compositional features that give rise to the

sharp PL emission spectra. Nanoscale ellipsoidal Ga-enriched clusters resulting

from random composition fluctuations are identified in the AlGaAs shell, and

their compositions, size distributions, and interface characteristics are analyzed. Simulations of exciton transition energies in ellipsoidal quantum dots are

used to relate the Ga nanocluster distribution with the distribution of sharp PL emission lines. We conclude that the Ga rich clusters can act as discrete

emitters provided that the major diameter isg4 nm. Smaller clusters are under-represented in the PL spectrum, and spectral lines of larger clusters are

broadened, due to quantum tunneling between clusters.
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The suggested origins of sharp PL emission features
include local alloy fluctuations distributed randomly
over the entire bulk-like shell regions9,11,12 and Ga rich
regions acting as QDs confined at the very perimeter
of narrow {112}15 corner facets within the complex
hexagonal AlGaAs shell geometry.10 Rudolph et al.

attributed contrast undulations in high-resolution
transmission electron microscopy (HRTEM) images of
nanowire cross sections to alloy fluctuations in the
AlGaAs shell, and proposed such features as an origin
of the sharp emission lines in PL spectra.9 However,
it was not possible to quantify the magnitude and
spatial extent of the alloy fluctuations based on cross-
sectional TEM images alone. Around the same time,
Heiss et al. attributed similar sharp PL features to Ga
rich QDs formed at {112} corner facets of the AlGaAs
shell based on cross-sectional scanning transmission
electron microscopy with energy-dispersive X-ray (EDX)
spectroscopy measurement and cathodoluminescence
(CL) mapping.10 The TEM and EDX measurement iden-
tified a pyramidal shape cluster of ∼10% Al content at
the corner facet very close to the nanowire shell surface,
and the CL map further revealed a series of bright
emitters.10 However, they were not able to compare
the spatial frequency of the pyramidal QDs with that of
the bright emitters in the CL map. Moreover, S/TEM
analysis of cross-sectioned samples does not resolve all
ambiguities regarding the QD structure. Subsequently,
Weiss et al.12 recognized similar PL features arising from
the AlGaAs shell, and employed surface acoustic wave
experiments and simulations to explain their origin. The
authors suggested that the QD-like emission centers
must be physically separated by at least >10 nm from
the next continuum (nanowire surface, core, or radially
embedded quantum well) for radiative recombination
to become significant. However, the exact sizes, spatial
frequencies, and compositional distribution of the pro-
posed alloy fluctuations in the AlGaAs shell were not
resolved.
Given the structural complexity of the core�shell

nanowires, nanoscale three-dimensional composition
information is needed to correlate composition mod-
ulations with optical properties. Atom probe tomogra-
phy (APT) is a technique well-suited to this challenge,
as demonstrated in a wide range of nanoscale systems
such as QDs and quantum wells.19�22 Recently, APT
analysis of four GaAs-AlGaAs core�shell nanowires
identified one Ga cluster that modeling indicated
could act as a local emission center.11 However, the
sample volume precluded a statistical correlation of
cluster size and spatial distribution with sharp features
in PL spectra. Ideally, one would like to be able to
determine if the spectral range of the PL features
coincides with that of excitonic transitions that the
measured alloy fluctuations can generate.
Here we report distributions of the size and com-

position of Ga rich clusters measured by APT in the

AlGaAs shell of GaAs-AlGaAs core�shell nanowires
grown by molecular beam epitaxy (MBE).9 Two com-
plementary methods, isosurfaces and 2D composition
maps, are shown to be necessary to identify and
characterize possible localized emitters. Variations of
the transition energies of the QD-like emitters as a
function of their size and composition are calculated
by employing single band effective mass modeling
including electron�hole interactions.23 The simulations
are used to correlate the size distribution of Ga rich
clusters measured by APT with the spectral range of the
sharp PL peaks. Furthermore, simulations of quantum
tunneling between clusters show how interactions be-
tween emitters influence the photoluminescence char-
acteristics, and explain why not all Ga clusters produce
photoluminescence peaks. This framework of correlated
tomography, optical analysis, and modeling can also be
applied to other complex heterostructures of mixed
dimensionalities with useful optical properties.16�18

RESULTS AND DISCUSSION

Micro-PL spectra were acquired from isolated GaAs-
AlGaAs core�shell nanowires, consistingof a∼40�50nm
diameter core anda60nm-thickAlGaAs shell (nominal Al
mole fraction 30%) cappedwith5nmofGaAs (Figure 1a).
The PL spectrum in Figure 1b, recorded at 10 K using
a continuous-wave laser diode emitting at 532 nm
for excitation (spot size of ∼1 μm), displays a series of
sharp emission lines in the range of 1.80�1.94 eV. These
emission lines lie above the emission associated with
GaAs interband transitions at 1.52eVandbelow theband

Figure 1. (a) Schematics of core�shell nanowire and PL
measurement. (b) PL spectra from a core�shell nanowire
with a 60 nm thick shell and reference planar sample of
comparable composition. The higher energy portions of the
PL emission spectra (>1.6 eV) aremultipliedby the indicated
factors, and the nanowire emission is offset for visibility.
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edge of AlGaAs (i.e., 1.95 eV for an Al-content of x(Al) =
0.30). Hence, we attribute the PL emission to the AlGaAs
shell region. When the peaks are fitted by Lorentzian line
shapes, the line widths of most sharp peaks range from
∼100 to∼500μeV (spectral resolution: 80μeV) and some
of the sharp peaks are overlapped with envelope peaks
(see Supporting Information and Figure S1 for details).
Peaks with wider line widths are likely superpositions of
multiple peaks. The spectral resolution is not sufficient to
distinguish between recombination from ground states
andexcited states. A PL spectrum froma referenceplanar
sample grown on equivalent (110) plane and under
identical conditions also shows similar sharp emission
lines in the range of 1.75�1.90 eVwith similar linewidths
of ∼100 to ∼400 μeV (lower panel of Figure 1b). Thus,
both the nanowire and planar sample exhibit nearly
identical spectral characteristics. We note that there is a
large body of literature describing sharp PL emission
features in GaAs-AlGaAs heterostructures, most of which
concerns emission from GaAs quantum wells (QWs) or
QDs in AlGaAs barrier layers. In contrast, we are here con-
cernedwith emission from theAlGaAs itself, while noting
that composition fluctuations that occur in high Al-
content AlGaAs thin films and heterostructures24�28 also
influenceemission fromadjacentGaAsnanostructures.14,24

In order to correlate PL spectra with their underlying
structural origins, it is necessary to establish themagnitude
andextent ofAlGaAs compositionfluctuations andanalyze
the degree of confinement they would produce.
APT analysis was performed by LEAP 4000X Si under

laser conditions of 0.1�1 pJ pulse energy and 250 kHz
pulse rate at the base temperature of 23 K and a target
detection rate of 0.2% (see also Supporting Informa-
tion for further details and mass spectra). A detailed
analysis of the core�shell nanowire shows that the
composition fluctuations in the AlGaAs shell exceed
those of a random alloy (Figure 2), as might be
expected on the basis of past analysis of GaAs-AlGaAs
(Al mole fraction: 30�38%) heterostructures.25�27 Two
rectangular regions of interest (ROIs) were selected
(left: 14� 7� 470 nm3, right: 20� 15� 470 nm3) from
the AlGaAs shell reconstruction to quantitatively test
the degree of randomness and examine the nature
of Ga rich regions (Figure 2(a)). Al rich bands extend
along Æ112æ directions (Figure 2(b)), as has been re-
ported previously.9,11,29 Here, the two ROIs selected for
analysis of composition fluctuations exclude the Al rich
bands, as these regions do not show Ga clusters
localized within the bands. Deviations from random
alloy fluctuations were identified by frequency distri-
bution analysis (FDA), in which the APT data is divided
up into 3D volume elements (voxels) containing a
given number of atoms. The mole fraction of a specific
element in each voxel is calculated and the distribu-
tion of the number of voxels of a given composition is
then compared to the pseudobinomial distribution
expected for a random ternary III�As alloy. The voxels

used here contain 100 atoms, which is approximately
a 2.4 � 2.4 � 2.4 nm3 cube. Qualitatively, the experi-
mental frequency distribution curve is flattened and is
broader than the binomial distribution, suggesting the
presenceofGa rich clusters. Quantitatively, the FDAwith
a χ2-test indicates that the alloy distribution deviates
from that of a random alloy with 99.99% confidence
level p < 0.0001 (Figure 2(c)). For example, 15 voxels
(∼1% of the observed distribution) have a Ga mole
fraction equal to or higher than 85%, while the random
distribution predicts that only∼2 voxels (∼0.08% of the
binomial distribution) should have a Ga mole fraction
g85%. The corresponding results for the planar sample
are similar (Supporting Information S6). In both cases,
growth occurs on the nonpolar (110) planes, i.e., planar
growth on the (110) GaAs substrate surface and nano-
wire growth on (110) sidewall facets. From a surface
and crystallographicpoint of view, the surface chemistry
and growth mechanisms are expected to be identical.
Since identical growth fluxes and temperatures were
used, similar structural features are found in both cases.
The FDA provides a useful statistical picture of the alloy
averagedover theentiredata set. For adirect correlation
between PL spectra and composition fluctuations, the
location, composition, and size of individual features
need to be analyzed.
Ga rich clusters were identified with isosurfaces of

constant composition, and their size distribution was

Figure 2. (a) 3D schematic of GaAs core AlGaAs shell nano-
wire (GaAs capping layer not depicted). The oval indicates an
approximate location of the field of view of APT (b). The left
and right red boxes show approximate locations of the ROIs
used for identifying Ga rich clusters. (b) Detector (top) view
of 2D Al mole fraction map in region shown by black circle
in (a) (scale bar: 10 nm). (c) Frequency distribution of Ga
composition from the left ROI (14� 7� 470 nm3) at a voxel
size of 100 atoms. The solid black line gives the pseudobi-
nomial distribution expected for a random alloy.
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analyzed (Figure 3). We note that morphology of iso-
surfaces changes from an open connected surface to
a closed surface as the threshold Ga mole fraction is
increased from 75 to 80% (Figure 3(a)). Closed iso-
surfaces were identified at the interface between Ga
rich regions and the matrix by examining isosurfaces
of 75�80% Ga mole fraction and proxigrams based
on three criteria: (1) a proxigram of a cluster displays
a constant or increasing trend of Ga mole fraction
toward a center of the cluster; (2) a cluster surface is
the largest enclosed surface among the surfaces satis-
fying the condition (1); and (3) a cluster does not
comprise smaller clusters. Figure 3(b) identifies a re-
presentativeGa-rich region definedby a closed 79%Ga
mole fraction isosurface. The Ga-rich region is 6.9 �
4.8 � 2.8 nm3 when it is treated as a triaxial ellipsoid.
The boundaries of this clusterwere analyzed by a proxi-
mity histogram, or proxigram, which is a composition
profile along the path of steepest descent. The proxi-
gram of the isosurface in Figure 3(b) shows that the Al
composition changes from ∼10 to ∼30% within a dis-
tance of ∼1 nm (Figure 3(c)).
To facilitate statistical analysis of many clusters,

the size distribution of similar Ga rich regions was
characterized by approximating individual clusters as
triaxial ellipsoids (Figure 3(d), Supporting Information
Figures S4, S5). As discussed below, this choice is
motivated by the finding that at least one dimension
of the cluster must be larger than ∼4 nm to produce
the observed discrete emission features. The major

axes of ∼91% of the Ga clusters identified by iso-
surfaces lie in the range of 2�5 nm, and there is no
discernible orientation with respect to the nanowire
axis. Two Ga rich regions of 8 nm or larger were found
by isosurfaces in the two ROIs. However, there are also
medium size Ga rich regions within open 75�80% Ga
isosurfaces that could still act as localized emitters. We
therefore examined a series of 2D composition maps
generated from 1 nm thick slices along z-axis of the
large ROI (20 � 15 � 470 nm3) (Figure 4(a)) to identify
additional candidate localized emitters. A representa-
tive 2D composition map shows that the largest extent
of the Ga enrichment is ∼6.4 nm (Figure 4(b)) for this
cluster. The boundary composition profile was mea-
sured with a proxigram starting from an isosurface
of 84% Ga mole fraction (Figure 4(c)). The interface
width is larger than that of the example in Figure 3(b)
above, but the dimensions of the feature are similar.
There also exist Al enriched regions, which appear as
green regions in Figure 4(a) and (b). Overall, by system-
atically examining isosurfaces and 2D compositionmaps,
the densities of small (2�5 nm) and medium (5�8 nm)
clusters was determined to be 77 and 48 μm�3 respec-
tively, and two large (8�11 nm) size clusters were found.
In the simulations below, these dimensions refer to the
largest axis.
The compositional analysis above enables determi-

nation of the confinement potentials experienced
by excitons that produce QD-like emission. Transition
energies of excitons in these potentialswere calculated

Figure 3. (a) Isosurfaceswith increasing thresholdGamole fractions (ROI: 20� 15� 80 nm3). (b) 3D atommapof includingGa
rich regionwith a translucent isosurface of 80%Gamole fraction (ROI: 9� 5.7� 2.7 nm3). Purple and green dots represent Ga
andAl atoms, respectively. (c) Proxigramgenerated on the basis of the isosurface shown in (b). The red dashed line represents
a linear Al mole fraction profile from 10 to 30% over a 1 nm interface region. (d) Distributions of three axes (a-axis, b-axis, and
c-axis) of the Ga rich clusters when they are approximated as triaxial ellipsoids.
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using nextnano3 including electron�hole interactions.
The simulated clusters were encircled by either a 1
or 2 nm wide interface region consisting of a linear
gradient in the Ga molar fraction to match the APT
analysis. Furthermore, the clusters are assumed to be
ellipsoidal to illustrate trends in PL with size; Figure S5
in the Supporting Information indicates that a triaxial
ellipsoid with axis ratios of 1:1.5:2.3 represents a typical
cluster in the distribution. Figure 5(a) and (b) shows
simulations of electron and hole wave functions for
cluster sizes of 4 and 8 nm to illustrate the improved
confinement of the wave function for the larger clus-
ters. Notably, the spatial extent of the wave functions
for the 4 nm cluster suggests that tunneling between
closely spaced clusters is likely. The effect of the larger
spatial extent of the wave function for smaller clusters,
i.e., weaker localization, can also be seen in the simu-
lated excitonic binding energy depicted in Figure 5(c)
for two different Ga mole fractions (85 and 90%) in
the cluster. As the QD size decreases below ∼10 nm
the weaker localization decreases the overlap of elec-
tron and hole wave functions, hence decreasing the

excitonic binding energy. Details about how excitonic
effects are included in the nextnano3 simulation are
described in the Methods section.
To correlate the size distribution of the Ga rich

clusters and the spectral range of the sharp PL emission
lines, transition energies were calculated as a function
of QD size at different Ga mole fractions (85 and 90%)
and interfacewidths (1 and 2 nm) (Figure 6(a)). One can
see that the potential minimum (arising from Ga mole
fraction) has a stronger influence on confinement than
the interface width. For example, the experimentally

Figure 4. (a) Examples of 2D composition maps containing
Ga rich regions. The inset shows the regions (20 � 15 �
1 nm3) fromwhich the 2D compositionmapswere extracted
(scale bars: 5 nm). (b) 2D compositionmap of Ga rich region
with ∼6.4 nm size. (scale bar: 5 nm) (c) Proxigram of the
Ga rich region in (b) generated from an isosurface of 84%
Ga mole fraction. The red dashed line represents a linear
Al composition profile from 10 to 30% over a 2 nm interface
region.

Figure 5. Electron (red) and hole (blue) wave functions of
(a) 4 nm and (b) 8 nm QD with a Ga content of 90% and
a 2 nm wide interface. The band profile of the confinement
potential (black solid lines) and the energetic positions of
the electron and hole states (black dashed lines) are also
depicted. (c) Excitonbinding energy as a functionofQD size.
Red circle and blue square represent binding energies for
the QDs shown in (a) and (b), respectively.

A
RTIC

LE



JEON ET AL. VOL. 9 ’ NO. 8 ’ 8335–8343 ’ 2015

www.acsnano.org

8340

identified clusters shown in Figures 3(b) and 4(b) both
correspond to transition energies of around 1.88 eV
(marked as filled circle and filled square in Figure 6(a)).
For a broader comparison, Figure 6(b) and (c) show the
measured size distribution of clusters and the average
Ga mole fraction at different cluster sizes, respectively.
The average maximum Gamole fraction is∼90(∼ 5%
for 2�7 nmdiameter clustersmeasuredwith isosurfaces
(Figure 6(c)). We therefore conclude that clusters of
4�8 nm produce the high density of PL peaks seen
between∼1.85 and∼1.92 eV in Figure 1(b), while noting
that some peaks in Figure 1(b) are likely superpositions
of multiple peaks, as described in the Supporting In-
formation. There are fewer clusters within the excitation
volume in the 8�11nmsize range, and theyproduce the
lower density of PL peaks at lower energies. However, a
comparison of the spectral density above ∼1.90 eV
(Figure 5(d)) with the cluster density (Figure 5(a)) shows
that the numerous clusters with major diameter <4 nm
do not make a representative contribution to the PL
emission, which should be greater than 1.90 eV. Weiss
et al. previously considered the influence of tunneling
on the PL spectra of core�shell nanowires, finding
that tunneling from QD-like centers with low emission
energy (<1.7 eV) into the GaAs core and/or cap layer
competes with radiative recombination at distances
of ∼10 nm.12 For the small clusters, this effect should
also be present. Moreover, for small clusters, the wave
function is sufficiently delocalized to enable additional
tunneling between clusters, as shown below. This effect
is expected to enhance the nonradiative loss channel
identified by Weiss et al. and lead to efficient depopula-
tion of small clusters.

A more quantitative correlation of cluster density
and PL features should take into account the possibility
that excitons can tunnel between clusters. In particular,
rapid transfer of excitons from small to larger clusters
could account for the strongly decreasing emission
above 1.90 eV (Figure 1(b), Figure 5(a) histogram).
Furthermore, intercluster coherent quantum mechan-
ical coupling30�32 and phonon-mediated interactions33

have been demonstrated in planar QD architectures.
We therefore extended the simulations to account for
single particle tunneling between a typical cluster of
diameter d1 = 6 nm (corresponding to the peak in the
size distribution) and a cluster of diameter d2, which is
varied from 3 nm (asymmetric double-cluster) to 6 nm
(symmetric double-cluster). Because intercluster cou-
pling increases dramaticallywith decreasing intercluster
spacing sc,

30 we varied sc (defined as the center�center
separation) fromhighly separated (sc> 30nm) to closely
spaced (sc < 10 nm). Note that for this definition, the
effective barrier between the two clusters is 1 nm for the
smallest sc. Additional details of the calculations, and
plots of coupled cluster wave functions, can be found in
the Supporting Information.
Figure 7 summarizes the key result that for the

experimentally observed intercluster separations and
cluster sizes, energy renormalizations ΔE in the meV-
scale are expected; the majority of clusters are neither
isolated nor noninteracting. Since localization in larger
clusters is energetically preferred, tunneling influences
which clusters are emitting and the linewidths of those
that do. A statistical analysis of sc from the APT data
(Figure 7(b)) shows intercluster separations extending
from a few to greater than 10 nm, with a mean value
7 nm. Hence, we expect sizable of downshifts |ΔE| >
1 meV for the ground state in the abundant double
cluster configurations, and hence a broadening of
the PL peaks compared to those of isolated clusters.
For context, the calculated typical ΔE > 2 meV for the
ground state exceeds observed PL line widths by a
factor of 5 to 10, and matches typical energy shifts
between different occupancy states (biexciton, charged
excitons) in this system.12We caution that the possibility
of tunneling between clusters and from clusters to
the GaAs core recommends against a direct correla-
tion between the number of peaks in a given energy
window and the number of clusters of a particular size.
The tunneling can explain, however, the strong attenua-
tion of emission above 1.90 eV. We note that direct and
tangible proof of coherent intercluster coupling could
beattained in future experiments employing electric31,32

and magnetic fields.34

Finally, we note that our simulations only account
for coherent quantummechanical tunneling coupling.
In addition, phonon-enhanced carrier transfer has
been found to occur in weakly coupled QD structures
on picosecond time scales even in the case of large
detunings.33 Such processes are also expected in our

Figure 6. (a) Simulated transition energies for Ga rich
clusters as a function of cluster size for two different Ga
mole fractions (red: 90%; blue: 85%) and interface widths
(solid lines: 1 nm; dashed line: 2 nm). The circle and square
represent the transition energies for the clusters shown in
Figure 4(b) and Figure 3(b), respectively. (b) Size distribu-
tion of the c-axis of the triaxial ellipsoids for the Ga rich
regions detected with isosurfaces. (c) Distribution of Ga
compositions for different sizes of clusters. (d) Spectral
density represented as a histogram of PL counts by energy
in 0.02 eV bins. Transitions from 4 to 8 nm clusters are most
abundant. Dashed lines are guides to the eye.
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systems and lead to an efficient channel for carrier
redistribution within the nanowire shell. Taken together,

our simulations unambiguously show that for nanowires
with moderate cluster densities, the simple picture of
isolated and noninteracting clusters cannot provide an
adequate description of the dominant photolumines-
cence characteristics.

CONCLUSION

APT was used to reveal structural and compositional
features that give rise to sharp PL emission spectra in
GaAs-AlGaAs core�shell nanowires. Nanoscale ellip-
soidal Ga-enriched regions were identified in the Al-
GaAs shell, and their compositions, size distributions,
and interface characteristics were analyzed. Simula-
tions of exciton transition energies in ellipsoidal QD-
like emission centers were used to relate the Ga
nanocluster distribution with the distribution of sharp
PL emission lines. We conclude that the Ga rich regions
above a threshold diameter resulting from random
composition fluctuations act as discrete emitters, but
tunneling between emitters has significant impacts
on the PL spectrum. It may be possible to exploit
the mechanisms of Al and Ga segregation to form
self-assembled QDs with more uniform structure and
emission characteristics. This in turn will require a
better fundamental understanding of the drivers of
alloy fluctuations and cluster formation in nonplanar
geometries,29 which is an important area of future
studies.

METHODS
Nanowire cores were grown on Si(111) substrates via the

vapor�liquid�solid mechanism using Ga droplets as catalysts.
The growth temperature was 630 �C and the V/III flux ratio was
10.8 under a Ga flux rate of 0.025 nm/s. Subsequently, the
nanowire shell was deposited at a lower temperature of 490 �C
and a total V/III flux ratio of 7.8 using a significantly higher Ga
flux rate (0.17 nm/s). This change of growth conditions resulted
in crystallization of the Ga catalyst and further promoted
vapor�solid deposition at the {110} sidewall surfaces. The
Al flux was selected to obtain an AlGaAs shell composition with
a nominal Al mole fraction of 30%. Planar reference samples
with 100 nm AlGaAs thickness were grown under identical
conditions as the nanowires, i.e., using the same V/III ratio, Ga
flux rate and growth temperature. These planar films were
grown on nonpolar (110) GaAs substrates to mimic exactly
the same growth orientation and growth kinetics as the AlGaAs
shell deposited at the {110} radial sidewall surfaces.
The PL measurements were carried out at 10 K and a semi-

conductor laser diode emitting at 532 nm was used for optical
excitation. The laser was focused to a diffraction limited spot of
∼1 μm in diameter onto the sample with an objective mounted
to a closed loop piezo stage for fine position control. The PL was
collected through the same objective and analyzed in a Prince-
ton Instruments Acton spectrometer equipped with a liquid N2

cooled multichannel CCD detector.
To prepare samples for atom probe tomography (APT), nano-

wires were transferred from the growth substrate to a half-cut
TEM Cu mesh grid. A nanowire attached to the TEM grid was
picked up and attached to a tungsten probe tip by a nano-
manipulator in vacuum. Platinum deposition induced by an elec-
tron beam was performed to weld the nanowire to the probe tip.
The probe tip was then transferred directly into the atom probe.

The nextnano3 software was used to solve the 3D Schrödinger
equation for the elliptical clusters presented in the manuscript.
The single band effective mass approximation is used to find the
energy eigenvalues and wave functions for heavy holes and
electrons. The attractive Coulomb interaction between electron
and hole (single neutral exciton) is also taken into account. In
order to determine the exciton energy, the Schrödinger equation
for electrons is solved: (Hþ Vh)Ψe = E0eΨe, and similarly for holes:
(H þ Ve)Ψh = E0hΨh. Here, H is the Hamiltonian without the
Coulomb interaction (single particle approximation), Ψe/h is the
wave function, E0e/h is the resulting energy eigenvalue and Ve/h is
the electrostatic potential as determinedby the Poisson equation
from electron/hole wave function. The system of equations is
solved iteratively by nextnano3 until a self-consistent solution of
the Schrödinger and Poisson equation is found. The exciton
energy, i.e., the transition energy, is then given as EX = E0e� E0hþ
1/2 � (ÆΨh|Ve|Ψhæ � ÆΨe|Vh|Ψeæ), where the matrix elements
ÆΨh|Ve|Ψhæ and ÆΨe|Vh|Ψeæ are energy corrections to compen-
sate for the fact that the attractive Coulomb energywas included
twice, both for the electron and hole. More details about the
simulation of excitonic effects can be found in the official
nextnano3 documentation.
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