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GaAs-based nanowires exhibit pronounced
polytypism, i.e., they invariably form axial
polytype heterostructures in which exciton
confinement is achieved by an alternation of the crystal structure rather than by
compositional changes.[5] Combining such
axial crystal-phase quantum structures
with compositional heterostructures in the
radial direction results in the formation of
quantum rings with highly reproducible
electronic properties.[6]
Here, we report on the observation of
the excitonic Aharonov–Bohm effect[7–11]
in nanowire-based quantum rings that
were designed by combining radial compositional and axial crystal-phase heterostructures. A schematic of the investigated nanowire structure is depicted
in Figure 1a. The all-binary GaAs/AlAs
radial quantum well structure is realized by synthesizing core–multishell
nanowires. Under the specific growth
conditions chosen in this work (see the
Experimental Section), the nanowire
core forms in the zincblende structure,
but undergoes spontaneous rotational twinning during its
axial growth.[12] The twin segments are separated by a twin
boundary that acts as a 2 monolayer thick wurtzite segment
in a zincblende matrix. As depicted in Figure 1b, this wurtzite
segment forms a type II heterostructure that leads to an
axial localization of excitons with an electron–hole overlap
as large as 0.15.[5] Since the twin boundary extends into the
shells during radial growth and thus intersects the GaAs
shell quantum well, a quantum ring forms at the intersection
(Figure 1a).[6]
The Aharonov–Bohm effect results from the phase shift
acquired by an electronic excitation in a ring threaded by a
magnetic field, and is in essence a property of charged particles.[12–14] However, the effect also occurs for excitons in
quantum rings if they exhibit a radial polarization,[8–10,14,15] so
that the flux of an external magnetic field through the orbits
defined by the electron and hole wavefunctions (Ψe and Ψh,
respectively) is different. Increasing the magnetic field gives
rise to oscillations in the exciton energy and oscillator strength
characterized by a period BC[16]

Phase coherence in nanostructures is at the heart of a wide range of
quantum effects such as Josephson oscillations between exciton–polariton
condensates in microcavities, conductance quantization in 1D ballistic
transport, or the optical (excitonic) Aharonov–Bohm effect in semiconductor
quantum rings. These effects only occur in structures of the highest
perfection. The 2D semiconductor heterostructures required for the
observation of Aharonov–Bohm oscillations have proved to be particularly
demanding, since interface roughness or alloy fluctuations cause a loss
of the spatial phase coherence of excitons, and ultimately induce exciton
localization. Experimental work in this field has so far relied on either selfassembled ring structures with very limited control of shape and dimension
or on lithographically defined nanorings that suffer from the detrimental
effects of free surfaces. Here, it is demonstrated that nanowires are an ideal
platform for studies of the Aharonov–Bohm effect of neutral and charged
excitons, as they facilitate the controlled fabrication of nearly ideal quantum
rings by combining all-binary radial heterostructures with axial crystal-phase
quantum structures. Thanks to the atomically flat interfaces and the absence
of alloy disorder, excitonic phase coherence is preserved even in rings with
circumferences as large as 200 nm.
Nanowires are quasi-1D objects in which heterostructures can
be fabricated both in the axial and radial direction.[1–4] Moreover,
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Figure 1. Electronic properties of quantum rings in GaAs/AlAs core–multishell nanowires. a) Schematic representation of the GaAs/AlAs core–
multishell nanowire under investigation. The zincblende (ZB) GaAs core (green) exhibits a diameter of 30 nm and is doped with Be. The GaAs shell
quantum well (turquoise) with a width t is clad by AlAs shells (blue) with a thickness of 15 nm, sufficiently thick to prevent the tunneling of charge
carriers from the quantum well shell to the core. A wurtzite (WZ) segment created by a twin boundary propagates through the entire diameter of
the nanowire (orange and yellow). The quantum ring formed by the intersection of the shell quantum well and the twin boundary is highlighted.
b,c) Schematic representation of the conduction and valence band edges in the axial (b) and radial (c) directions with the associated electron (red) and
hole (blue) ground state charge densities. d) Distribution of electron (red) and hole (blue) charge density across the section of the quantum ring for
a nanowire with t = 7 nm and two different ionized acceptor concentrations N A − in the core. e) Root mean square radii of the electron (red) and hole
(blue) charge densities as a function of t for three different ionized acceptor concentrations as indicated in the figure. f) Characteristic magnetic field
BC that induces a 2π phase shift to the exciton wave function, as a function of t for the same ionized acceptor concentrations as in (e).

with the magnetic flux quantum Φ0 = 2πℏ/e and the expectation values 〈re2 〉1/2 and 〈rh2 〉1/2 of the electron and hole radii calculated with Ψe and Ψh, respectively. Figure 1c shows the band
profile of the GaAs shell quantum well with a Be-doped GaAs
core, which induces an electric field in the quantum well. The
resulting radial separation of Ψe and Ψh is determined by the
quantum well width t and the ionized acceptor concentration
N A −.
The optical observation of Aharonov–Bohm oscillations
requires on the one hand a delocalized exciton in the quantum
ring with a sufficiently large electron–hole overlap to facilitate the detection of optical transitions associated with the
recombination of the exciton. On the other hand, BC has to be
experimentally accessible, and should thus not exceed a few
T. Consequently, a compromise between the intensity of the
excitonic transitions and their BC has to be found. We have identified appropriate values for both t and NA by 3D simulations
using an eight band k·p model (see the Experimental Section)
for the nanowire depicted in Figure 1a. Figure 1d displays |Ψe, h|2
for t = 7 nm and N A − = 1 and 2 × 1018 cm−3. In both cases, the
electrons (holes) are located at the edge (center) of the facets.
The exciton wavefunction, which is essentially given by ΨeΨh, is
thus delocalized around the quantum ring, while 〈re2 〉1/2, 〈rh2 〉1/2,
and BC depend sensitively on t as well as on N A − as shown in
Figures 1e,f, respectively. For t > 10 nm and N A − = 4 × 1018 cm−3,
BC is predicted to approach values lower than 4 T (Figure 1f).
However, the increasing radial separation of electrons and
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holes for thicker wells (Figure 1c) and the rising electron
concentration at the vertices of the hexagonal quantum ring
for higher doping levels (Figure 1d) reduce the electron–hole
overlap, which may eventually inhibit the radiative decay of the
exciton. Furthermore, the well width has to be chosen such that
the emission of the quantum ring is spectrally distinct from
that of the core.
Guided by these results and considerations, GaAs/AlAs
core–multishell nanowires were fabricated by Ga-assisted
vapor–liquid solid growth in molecular beam epitaxy (see the
Experimental Section). Be was used as the acceptor with a
nominal concentration in the low 1018 cm−3 range. The cores
were subject to a partial thermal decomposition after growth to
reduce the core diameter to values of 20–30 nm.[17,18] Figure 2
shows scanning electron microscopy images of: a) Be-doped
GaAs cores after partial thermal decomposition and b) the complete GaAs/AlAs core–multishell nanowires used for detecting
Aharonov–Bohm oscillations, respectively. The nanowires are
separated by over 1 µm, allowing us to access single nanowires
optically. Figure 2c displays transmission-mode scanning electron microscopy images of single nanowires from (left) the
as-grown Be-doped cores and (right) the complete core–multishell structure. The axial contrast variations originate from the
presence of rotational twin segments in the nanowires, and are
seen to persist in the core–shell nanowires.[11] The plan-view
transmission electron microscopy images in Figure 2d confirm
that the core and shell dimensions of the nanowires are close
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Figure 2. Morphology, microstructure, and doping of GaAs/AlAs core–multishell nanowires. a,b) Bird’s eye view scanning electron microscopy images
of two different nanowire ensembles. a) An ensemble of ultrathin Be-doped GaAs cores obtained by partial thermal decomposition of GaAs nanowires
grown by molecular beam epitaxy on Si(111). b) The full GaAs/AlAs core–multishell nanowires used for the spectroscopic investigation of the Aharonov–
Bohm effect. The scale bar applies to both microscopy images. c) Transmission-mode scanning electron microscopy images of (left) a GaAs core prior
to the partial thermal decomposition process and (right) a full GaAs/AlAs core–multishell nanowire after partial thermal decomposition of the GaAs
core and radial regrowth of the GaAs and AlAs shells. The contrast variations along the nanowires axis indicate the presence of twin segments. The
inset shows a magnified view of multiple nanotwins with a minimum length below 10 nm. The arrows point out selected twin boundaries. d) Plan-view
high-angle annular dark-field transmission electron microscopy image of a few GaAs/AlAs core–multishell nanowires from the ensemble depicted in
(b). GaAs and AlAs appear bright and dark, respectively. For the nanowire shown in the magnified view in the inset, the core diameter [(20 ± 2) nm]
as well as the thicknesses of the AlAs and GaAs shells [(15 ± 2) and (8 ± 2) nm, respectively] are close to the nominal values (see the Experimental
Section). e) Raman spectrum of an ultrathin Be-doped GaAs nanowire at 10 K. The spectrum is dominated by various bands due to intrinsic secondorder phonon scattering in GaAs. The line at 484 cm−1 stems from a local vibrational mode associated with Be on Ga sites (BeGa).

to the designated values. Finally, Figure 2e displays a Raman
spectrum detected on a single Be-doped core. The intensity of
the local vibrational mode for BeGa indicates a Be concentration
between 3 and 6 × 1018 cm−3.[19]
Figure 3a shows low-temperature photoluminescence
spectra of the nanowire ensemble depicted in Figure 2b. Independent of excitation density, the spectra are dominated by
a band centered at 1.503 eV that arises from the recombination of excitons bound to twin boundaries in the GaAs core of
the nanowires.[5,20] A band centered at 1.623 eV is detected on
the high-energy side of the core emission. The energy of this
band has been found to decrease with increasing quantum well
thickness (not shown), revealing that it originates from the
recombination of excitons confined in the GaAs shell quantum
well. Since the twin boundaries formed in the core also extend
into the shells (Figure 2c), this high-energy band is likely to be
dominated by recombination of quantum well excitons bound
to twin boundaries, or, in other words, excitons in quantum
ring states.[6] Figures 3b,c show photoluminescence spectra
taken on two different single nanowires (NW1 and NW2,
respectively) at 4.2 K. The transition energies indicate shell
quantum wells with a width of t = 7 nm. The full width at half
maximum of these lines is typically between 200 and 500 µeV,
smaller than reported for GaAs crystal-phase quantum wells,[21]
larger than those of crystal-phase quantum dots,[22,23] and
comparable to those reported for GaAs-based quantum wires
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obtained by post-growth lithography techniques.[8,24] Hence,
we attribute the narrow transitions in the spectra to single
quantum rings.
A magneto-photoluminescence map taken on NW1 for
magnetic fields between 0 and 8 T is shown in Figure 3d.
Selected spectra extracted from this image are displayed in
Figure 3e. With increasing magnetic field, the transition seen
in Figure 3b splits and shifts, as a result of Zeeman and diamagnetic effects. The evolution of the transition energies
with increasing magnetic field is, however, not parabolic, but
rather exhibits an oscillatory behavior with the split states
oscillating in phase. This observation is in striking contrast to
the monotonic dependence observed for a reference sample
with undoped core (Figure S1, Supporting Information).
Figure 3f shows the evolution of the average energy of the
Zeeman split states with magnetic field as determined by lineshape fits shown in Figure 3e. The oscillations of the average
energy in Figure 3f are consistent with the optical Aharanov–
Bohm effect. To extract BC for this quantum ring, we fit the
magnetic field-dependence of the energy in Figure 3f with a
parabola modulated by a sine function. The best fit yields a
diamagnetic coefficient γ = −2.9 µeV T−2 and BC = 2.2 T. For
NW2, we obtain BC = 3.1 T and γ = 1.5 µeV T−2 in an analogous fashion (Figure 3g). The values found for BC are similar
to those reported in refs. [8,9] for GaAs-based quantum rings
with diameters of about 40 nm. Note that despite the simplicity
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Figure 3. Optical Aharanov–Bohm oscillations in GaAs/AlAs crystal-phase quantum rings. a) Photoluminescence spectra taken on an ensemble of
GaAs/AlAs core–multishell nanowires at 10 K. The relative excitation power is specified for each spectrum. The bands at 1.503 and 1.623 eV arise from
the exciton recombination at twin boundaries in the GaAs core and shell quantum well, respectively. b,c) Photoluminescence spectra recorded from
nanowire NW1 (b) and nanowire NW2 (c). The full width at half maximum of the photoluminescence lines is below 500 µeV, suggesting that they
originate from excitons in single quantum rings. d) Evolution of the exciton energy in a magnetic field for the quantum ring in NW1. The magnetic field
is parallel to the nanowire axis. The spectra have been normalized and their intensity is color-coded according to the scale bar. e) Photoluminescence
spectra at selected magnetic fields (symbols) from NW1. The spectra have been normalized and shifted vertically for clarity. The lines are the results of
Gaussian fits. The blue and green shaded areas highlight the contribution of each Zeeman split state to the spectrum. f,g) Dependence of the average
energy of the Zeeman split states on magnetic field for the rings in NW1 (f) and NW2 (g). Data points are shown only for B fields large enough for the
two split states to be resolved. The solid lines are fits accounting for Aharonov–Bohm oscillations and a diamagnetic shift. h,i) Schematic representation
of the energy of the initial and final states involved in the radiative decay of a charged (h) and a neutral (i) exciton as a function of the magnetic field.
The transition energy for the charged and neutral excitons decreases and increases with increasing magnetic field, respectively.

of our model, the BC values measured for NW1 and NW2 are
within a factor of two from those predicted in Figure 1f for
structures with N A − = 4 × 1018 cm−3 and t = 7 nm. The opposite
sign of γ for NW1 and NW2 indicates that the nature of the
excitonic complexes responsible for the respective transitions is
different. As shown in Figures 3h,i, the energy of both charged
and neutral excitons increases with increasing magnetic field.
The energy of both electrons and holes, being the final state
for the recombination of charged excitons, exhibits an even
stronger increase (Figure 3h).[25] The transition energy of a
trion thus decreases in the presence of a magnetic field, and γ
is negative, as observed in Figure 3f. In contrast, the transition
energy of the neutral exciton increases, giving rise to a positive
γ, as seen in Figure 3g. We suggest that the trion in NW1 is a
positively charged exciton, with an extra hole originating from
an ionized acceptor in the GaAs core of the nanowires.
These results demonstrate that GaAs/AlAs core–shell nano
wires do not only possess the structural perfection required
for the observation of phase-coherence effects, but also offer
a high degree of control over dimensions and doping level.
These nanowires thus open a unique way toward wavefunction
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engineering in 3D quantum structures for the experimental
study of excitonic phase coherence phenomena.

Experimental Section and Simulations
Simulations: Electron and hole ground state wave functions and
energies were obtained using a 3D eight-band k ⋅ p model within the
plane-wave based multiphysics library S/Phi/nX.[26,27] The GaAs/AlAs
core–multishell configuration depicted in Figure 1a was considered,
assuming a Be-doped GaAs core of 30 nm diameter and AlAs shells
of 15 nm thickness cladding a GaAs shell quantum well whose width
was varied between 4 and 14 nm (the outermost GaAs shell that
served to protect the AlAs shell from oxidation was not included in the
calculations since it has negligible impact on the electronic properties
of the structure). The core was assumed to be fully depleted and to
exhibit ionized acceptor concentrations N A − of 1 × 1018, 2 × 1018 cm−3,
or 4 × 1018 cm−3. The resulting radial band bending was obtained by
separately solving the Poisson equation in cylindrical coordinates
for a homogeneous charge distribution. Twin boundaries in the
zincblende can be considered as wurtzite segments with a thickness
of 2 monolayers. To reduce the number of elements in the simulation
mesh and to reduce the computational effort, the twin boundary was
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represented by a 4 monolayer thick wurtzite segment, leading only to
an insignificant change of the energy of the associated confined state.
The axial wurtzite segment was placed in the center of a 10 nm long
zincblende segment of the core–shell structure. Strain due to the lattice
mismatch between GaAs and AlAs as well as between the zincblende
and wurtzite modifications was taken into account. Furthermore,
the resulting piezoelectric polarization was considered together with the
spontaneous polarization in the wurtzite segment.
Sample Fabrication: Samples were grown by molecular beam
epitaxy on p-type Si(111) wafers covered by native oxide. The growth
system was equipped with effusion cells for Ga, Al, and Be, as well as
a valved cracker for producing As2. First, Ga droplets were formed on
the substrate by depositing Ga for 30 s at 0.37 nm s−1 GaAs equivalent
growth rate, followed by a 60 s anneal.[28] Subsequently, GaAs nanowire
cores of length, diameter and density of about 4 µm, 60 nm and
0.3 µm−2, respectively, were grown by supplying Ga and As2 at 0.085
and 0.71 nm s−1 equivalent GaAs growth rates, respectively, along with
Be. The substrate temperature during core synthesis was 645 °C, as
measured by a pyrometer calibrated to the oxide desorption temperature
of GaAs(001). Resistivity measurements on nanowires grown with the
same Be and Ga fluxes—corresponding to a hole density of 1019 cm−3 for
planar growth on GaAs(100)—were consistent with a nanowire doping
level of about 1018 cm−3. Following core growth, the Ga droplets on top of
the nanowires were converted to GaAs by exposure to As2 at 1.1 nm s−1,
and the nanowires were subsequently decomposed for 5 min at 680 °C
in the absence of any flux, which reduced the nanowire diameter from 60
to 20–30 nm.[17] Finally, GaAs and AlAs shells were deposited at 480 °C
with nominal thicknesses of 7.5 and 15 nm, respectively. To prevent the
oxidation of the outer AlAs shell, the nanowires were finally covered by
a 10 nm thick GaAs shell. The substrate was rotated with 10 revolutions
per minute throughout the entire growth process. For comparison, a
sample was grown with the same structure, but without Be core doping
(Figure S1, Supporting Information).
Electron Microscopy: Bird’s eye view secondary electron microscopy
images of the as-grown nanowire ensembles were recorded with a
Hitachi S-4800 field emission microscope using an acceleration voltage
of 5 kV and a magnification of 10 000 ×. Transmission-mode scanning
electron microscopy images from single nanowires were obtained in a
Zeiss Ultra-55 field emission microscope using an acceleration voltage
of 20 kV and a magnification of 30 000 ×. For transmission electron
microscopy, cross-sections of the nanowires perpendicular to the growth
axis were prepared by first embedding the free-standing wires in glue
for mechanical stabilization followed by conventional polishing and
Argon ion beam sputtering down to electron transparency. Scanning
transmission electron microscopy was performed by using a JEOL 2100F
field emission instrument equipped with a bright-field and a dark-field
detector and operated at 200 kV. The core–shell nanowire structures
were oriented along the 〈111〉 crystallographic direction parallel to the
electron beam. High angle annular dark-field images were recorded with
an inner and outer collection angle of 70 and 180 mrad to be sensitive to
the chemical composition of AlAs and GaAs, respectively.
Optical Spectroscopy: Photoluminescence (PL) experiments on an
ensemble of nanowires at 10 K were carried out with the 632.8 nm line
of a HeNe laser as excitation source. The samples were mounted on
the coldfinger of a continuous-flow He cryostat, and the laser beam
was focused using a microscope objective with a numerical aperture of
0.25. The PL was dispersed with an 80 cm focal length monochromator
equipped with a 600 lines mm−1 grating and detected with a liquid N2cooled charge-coupled device (CCD). In this experiment, the excitation
power I0 corresponded to 0.6 mW. For measurements at 4.2 K, the
samples were kept at liquid He temperature in an attoLiquid 1000 bath
cryostat equipped with a confocal optical setup. A 650 nm laser diode
was used as excitation source, and the laser beam was focused using a
microscope objective with a numerical aperture of 0.82. The PL signal
was collected using the same objective and coupled to a multimode
fiber with a core diameter of 25 µm. The signal was dispersed with a
55 cm focal length monochromator equipped with a 1800 lines mm−1
grating and detected with a liquid N2-cooled CCD. Magnetic fields B with
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a strength between 0 and 8 T could be applied in Faraday configuration,
i.e., B∥〈111〉. Raman scattering measurements were performed at low
temperature (10 K) in backscattering geometry with the light wavevector
perpendicular to the side facets of nanowires dispersed on a goldcoated Si substrate. For optical excitation, the 405 nm line of a laser
diode was focused by a microscope objective onto the nanowires.
The backscattered light was collected by the same objective, spectrally
dispersed by an 80 cm focal length monochromator equipped with a
2400 lines mm−1 grating and detected with a liquid-N2-cooled CCD.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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