
Nanospectroscopic Imaging of Twinning Superlattices in an
Individual GaAs-AlGaAs Core−Shell Nanowire
Alexander V. Senichev,*,† Vadim G. Talalaev,†,‡ Igor V. Shtrom,§,∥ Horst Blumtritt,† George E. Cirlin,∥,⊥

Jörg Schilling,‡ Christoph Lienau,*,# and Peter Werner†

†Max Planck Institute of Microstructure Physics, 06120 Halle, Germany
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ABSTRACT: GaAs nanowires (NWs) exhibit different, zinc
blende (ZB) and wurzite (WZ), crystalline phases and one
generally finds an uncontrolled switching between both phases
on a scale of 1−10 nm. The change of crystalline structure and
stacking fault density strongly affects the local confinement
potential of GaAs NWs. Combining low temperature near-field
spectroscopic imaging and transmission electron microscopy
measurements performed on the very same individual GaAs
nanowire allows us to gain an understanding of the local
structure−property correlations in such wires. From the
photoluminescence measurements at subwavelength spatial resolution local characteristics of the band structure are derived.
In particular, our method enables us to assign the observed band gap reduction to the high level of impurity dopants and to
distinguish emission from ZB-type regions and from periodically twinned superlattice regions. In this way we demonstrate the
ability to trace spatial variations of the crystal structure along the wire axis by all-optical means. Our results provide direct and
quantitative insight into the correlations between morphology and optics of GaAs nanowires and hence present an important
step toward band gap engineering of nanowires by controlled crystal phase formation.
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The III−V based semiconductor nanowires (NWs)
currently receive an upsurge of interest due to their

superior optoelectronic properties as well as the compatibility
with silicon technology.1−4 These NWs are considered as
promising functional building blocks for realizing advance
electronic and photonic devices such as light-emitting diodes,5

solar cells,6 transistors,7 or room-temperature lasers.8 For
optoelectronic applications, core−shell type nanowires have a
potential advantage since the presence of a wide-bandgap shell
efficiently suppresses nonradiative carrier recombination9−11 In
addition, the core−shell geometries open up possibilities for the
defect-free combination of lattice-mismatched materials12 and
for tailoring the electronic band structure of radial hetero-
structures.13,14

The reliable control of the size, crystal structure,
composition, and carrier concentration of such NWs as well
as the fundamental studies of their structure−property
relationships are essential for basically all applications of such
NWs. Whereas bulk and thin film GaAs layers have a zinc
blende (ZB) type equilibrium crystal structure, nanowires made

of GaAs may also exhibit regions with a hexagonal, wurtzite
(WZ) type crystal phase, often accompanied by stacking
faults.15−18 Experimental and theoretical findings show that the
band gap of WZ GaAs is different from that of the ZB
equilibrium crystal structure. Even though there is an ongoing
debate about the exact value of the WZ band gap and the band
gap offset between WZ and ZB GaAs, it is commonly accepted
that the interfaces between both phases produce type-II band
alignment with positive WZ conduction and valence band
offsets.19−25 If the controlled formation of alternating regions of
ZB and WZ crystal phases in the same nanowire could be
achieved, the fabrication of novel axial heterostructures with
tailored own band structures would be possible. These were
termed earlier “crystal phase quantum disks or dots” since the
electron confinement is achieved only by the change in crystal
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phase and not by a material change, as in usual heterostructure-
defined quantum dots.26,27

When growing GaAs nanowires in the [111] direction, one
often observes stacking fault formation and the emergence of
rotational twinning in ZB type material. In such wires, ZB
regions with normal ···ABCABC··· stacking sequence are
followed by segments with the same ZB structure but with
an atomic arrangement rotated by 180° at the twin boundary
around the growth axis.15 When observing in [11̅0] projection,
{111}A-type lattice planes are transferred into {111}B-type
lattice planes at the twin boundary, tilted with respect to each
other at an angle of 141°.28,29 These different lattice plane
orientations often appear as dark and bright stripes in TEM
diffraction contrast images.15 The rotational twinning forms an
···ABCACBA··· stacking sequence28 and the CAC stacking at
the twin boundary can be considered as an inclusion of a single
unit of WZ structure in a ZB matrix.
Under certain growth conditions twin planes can have a

constant spacing, forming a new class of so-called twinning
superlattices (TSL) and providing opportunities for electronic
band structure engineering.30 The ability to control periodic
arrangements of TSL was reported for different III−V
NWs.28,29,31,32 Due to the atomically sharp interfaces of these
TSL one may expect that such crystal-phase nanostructure
exhibit a higher optical quality than obtained with semi-
conductor heterostructures of different composition. This
makes TSL NWs particularly promising for device applications.
So far, however, the formation of the TSL structure in GaAs
NWs is mainly induced by impurity doping.29,32 Such doping
necessarily affects the optical and electronic properties and
might obscure the advantages resulting from the high crystalline
quality. Thus, a comprehensive study of the joint contribution
of these competitive parameters to the energy band structure of
TSL NWs is essential.
Future technological applications evidently require NWs with

a predefined and reproducible length and sequence of WZ/ZB
phases. In principle, a defined density of WZ/ZB mixture,
density of stacking faults and regular arrangement of twin
planes can be realized by a precise control of the growth
parameters. Indeed, first successful attempts of crystal phase
engineering of III−V NWs were recently reported.28,33−36

Despite this progress, such a growth control remains a very
challenging task. Moreover, it is of fundamental importance to
better understand the correlation between crystalline structure
and optical and electronic properties of such wires. This
requires advanced characterization techniques, capable of
providing a direct, high-resolution comparison of the optical
and structural properties of individual nanowires. Recently,
room temperature near-field PL spectra of single InP nanowires
have been reported.37 Also, various groups have focused on
combining microphotoluminescence25,26,38 and cathodolumi-
nescence24,25 techniques for mapping local optical spectra and
transmission electron microscopy (TEM) for probing the
complex morphology of III−V NWs with atomic resolution. So
far, comparatively little work has been devoted to a direct
correlation of optical and structural analysis performed on the
very same nanowire.22,39−41

In this paper, we report for the first time subwavelength-
resolution, low-temperature near-field photoluminescence
spectra and transmission electron microscopy images of the
very same GaAs-AlGaAs core−shell nanowire grown on silicon.
We observe pronounced spatial variations in the emission
spectrum along the length of the wire. By correlating optical

and TEM analysis, we assign the emission spectra of twinning
superlattice and ZB-type regions of the wire and map the local
bandgap profile along the wire with a lateral resolution in the
nanometer range. Our experimental approach provide
possibilities for a better understanding of the interplay between
morphology and optics and hence toward controlling crystal
phase coexistence in such unique nanosystems.

■ RESULTS AND DISCUSSION
As a model system to study structure−property correlations, we
used heavily beryllium-doped GaAs NWs, grown directly on a
Si (111) substrate by Ga-assisted molecular beam epitaxy.
Doping is essential to control the conductivity of NWs, which is
necessary for the realization of optoelectronic devices.42 Such
an in situ doping strongly affects both NWs growth43 and
crystal phase formation.29,32 In addition, photoluminescence
intensities of GaAs nanostructures are generally increasing with
carrier concentration, thus facilitating studies of individual
NWs. Here, beryllium was taken as the most commonly used p-
type dopant.44 The NWs were subsequently coated with an
AlGaAs shell to passivate surfaces and to enhance their
emission efficiency. A side-view scanning electron microscopy
(SEM) image of as-grown p-doped GaAs-AlGaAs core−shell
NWs is presented in Figure 1a. SEM observation reveals a

dense array of NWs with a typical length L of 2−5 μm and an
average diameter of 200 nm. In comparison to site-selective
growth,9,45 the length and shapes of the NWs are nonuniform.
Due to these fluctuations in wire geometry, structural and
optical characterization of single NWs is particularly important.
In order to isolate a single NW and to facilitate near-field
scanning optical microscopy (NSOM) and TEM measurements
on one and the same wire, we used ultrasonication to detach
the NWs from the original substrate and then drop-coated the
NWs onto a Si substrate with Au alignment marks (Figure 1b).

Figure 1. (a) Side-view SEM micrograph of the as-grown self-catalyzed
p-GaAs-AlGaAs core−shell NWs on Si(111) substrate. The NWs have
an average diameter of 200 nm and their length varies between 2 and 5
μm. The scale bar is 1 μm. (b) Top-view SEM micrograph of NWs
transferred by ultrasonication and drop-casting techniques onto a Si
substrate with Au alignment marks (yellow pseudocolor) to facilitate
NSOM and TEM measurements on one and the same NW. The scale
bar is 10 μm. The nanowire of interest is shown in the inset. (c)
Schematic of the NSOM experiment. Local PL spectra are recorded at
low temperature in illumination/collection geometry using an
uncoated, chemically etched fiber probe. The inset schematically
shows a cross-section of the investigated core−shell NWs.
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Four NWs with a length of around 4 μm have been preselected
for further characterization. These NWs had full contact to the
Si surface and were spatially isolated from other NWs to
exclude possible interactions (Figure 1b, inset).
Near-field scanning optical microscopy was used for high

spatial resolution photoluminescence (PL) imaging of single
NWs. The measurements were performed in a home-built low-
temperature NSOM operating at 10 K inside a high vacuum
chamber.46 Low temperature measurements are helpful since
the PL yield of these wires decreases substantially when
increasing the temperature above 40 K and exciton ionization
can become important at elevated temperatures.20,47 All
measurements were performed with HeNe laser excitation at
a photon energy of 2.283 eV (543 nm). A 15 μW of laser light
was coupled into an uncoated, chemically etched single mode
near-field fiber probe.48−50 The PL was collected through the
same fiber in illumination/collection geometry, dispersed in an
imaging monochromator and recorded with a nitrogen-cooled
charge coupled device. For spatial imaging, the fiber probe was
raster-scanned across the sample surface in a 4 × 4 μm2 area
with a step size of 40 nm. At every step, a full PL spectrum was
recorded within an integration time of 500 ms at an estimated
excitation density of ∼102 W/cm2. For maintaining the fiber tip
in a constant and close proximity to the sample surface, a shear-
force distance control method was used.51 In this measurement
configuration, we obtain a spatial resolution of about 150 nm,
in agreement with earlier findings.52 A schematic of the NSOM
experiment is depicted in Figure 1c.
In Figure 2a, we present a spectrally integrated near-field

photoluminescence image of the NW within a scan range of 4
× 4 μm2. At every pixel of the image, the PL spectrum is
integrated in the detection range between 1.245 and 1.870 eV

and then plotted as a function of the position of the near-field
probe. The topography image of this wire, simultaneously
recorded during the same scan by shear force microscopy, is
shown in Figure 2b. In this figure, a scanning electron
microscopy (SEM) is overlaid, showing that the topography
image indeed reflects the actual shape of the NW. These
measurements allow us to assign the spatial origin of the
different PL emission features in Figure 2a with high accuracy.
Figure 2a shows two pronounced emission maxima at the top
and bottom end of the NW. We verified experimentally that the
decrease in PL intensity in the center region of the NW indeed
is an intrinsic optical property of the wire and is not affected by
distance variations between the near-field probe and the
sample. Below, we will show by means of a TEM analysis that
the two maxima in the near-field PL map are found in
comparatively large pure ZB type regions of NW which act as
carrier traps.
For a spatially resolved spectroscopic characterization, local

near-field PL spectra were selected from pixels along the NW
axis and plotted in Figure 2c. The PL spectra reveal a distinct
spatial variation along the NW axis (a complete set of spectrally
resolved 4 × 4 μm2 maps of the PL intensity for the selected
NW as well as for tree other NWs is given in the Supporting
Information). Specifically, we find spectral shifts of the main
emission band at around 1.48 eV along the wire axis and the
emergence of new, weaker sidebands in the top and bottom
regions of the wire.
Subsequent to the NSOM measurements, exactly the same

NWs that have been studied optically were analyzed by
transmission electron microscopy. Using focused ion beam
milling a cross-section TEM sample containing the nanowire of
interest was created. A set of overlapping TEM and scanning

Figure 2. (a) Two-dimensional map of the total near-field PL intensity of the NW acquired at a temperature of 10 K in the region indicated by the
inset in Figure 1b. A full near-field PL spectrum is recorded in the energy range between 1.245 and 1.870 eV at every pixel of the image with an
integration time of 500 ms per spectrum at an estimated excitation density of ∼102 W/cm2. (b) Topography image recorded simultaneously during
the scan process by shear force microscopy. For comparison, a SEM micrograph of the same NW, shown in yellow, is overlaid with the topography
image. (c) Selected near-field PL spectra along the axis of a single NW recorded at 10 K. The right inset shows a low-resolution TEM overview of the
corresponding NW. The scale bar of 500 nm applies to both the map of PL spectra along the NW axis and the TEM image, providing a direct
correlation between TEM structural analysis and local near-field spectral response. (d) Selected normalized local near-field PL spectra from the
regions marked by arrows in the inset of Figure 2c. The red Iα, blue Iβ, and green Iγ lines show the decomposition of the PL spectra into three
Gaussian emission bands.
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transmission electron microscopy (STEM) images was
obtained for the entire length of the selected NWs to
characterize the crystal structure with atomic resolution.
Using TEM analysis supported by energy-dispersive X-ray
(EDX) spatially resolved measurements we estimated a GaAs
core diameter of about 134 nm and an AlGaAs shell thickness
of about 23 ± 3 nm. Details of EDX measurements are
presented in the Supporting Information.
A low-resolution TEM map of the NW studied by NSOM, is

inset in Figure 2c with its vertical axis matched to that of the
spectroscopic scan. Clearly, PL emission is suppressed in the
thin region at the very bottom. This bottom part has not been
passivated by an AlGaAs shell and hence the PL is quenched
due to strong nonradiative recombination typical for bare GaAs
NWs, in agreement with refs 10 and 11. The rest of the NW
can be visually divided onto three regions, a bottom (1), center
(2), and top region (3). Figure 2d shows representative PL
spectra from each of these regions, marked by arrows in Figure
2c. All spectra show an intense, approximately Gaussian-shaped
emission peak around 1.48 eV, labeled Iβ, and a broad low-
energy emission shoulder. In addition, the spectra in the
bottom and center regions reveal a second and weaker low-
energy emission band at around 1.45 eV, labeled Iα. Instead,
those in the top region show a high-energy peak Iγ. As seen in
Figure 2d, at energies above 1.43 eV, all near-field spectra are
reasonably well described as a sum of these three Gaussian
emission bands. This spectral decomposition has been
performed for all the spectra in Figure 2c, providing a map of
the peak energy, spectral width, and relative intensity of each of
these three bands along the NW axis. A pronounced and
spatially homogeneous blue shift of the Iβ band has been
observed in the central part of this specific NW. It might be
interpreted as an indication for superlattice formation in this
region of the NW.
To address the microscopic origin of these bands, we

performed a quantitative TEM analysis of the crystal structure
of the entire NW. Overlapping TEM and STEM images were
analyzed to characterize the crystal structure with atomic
resolution. In Figure 3, representative TEM micrographs are
shown for the three wire regions selected in Figure 2c. In the
depicted high-resolution STEM images each bright spot
corresponds to a pair of Ga and As atoms. Distinctly different
crystal structures are found in the top, center, and bottom
regions of the wire. In the bottom region (Figure 3a), the
conically shaped segment shows a ZB phase crystal structure
with a high density of rotational twins. In the high-resolution
lattice plane image, the twin interfaces are marked in red. A
detailed study of the atomic stacking at the twin boundary
reveals that the boundary actually represents a single monolayer
(ML) of the WZ structure. Moving from the upper base to the
apex of this conical segment (Figure 3a, red arrow), the density
of twins gradually increases and additional larger WZ phase
segments are formed at the bottom end of the NW. A similar
formation of larger WZ nanodomains has also been observed in
a previous study by Heiss et al.22 The center region (Figure 3b)
is of particular interest. Here, we find large rotationally twinned
ZB segments with a virtually constant spacing between adjacent
twin planes. This center region extends over a length of more
than 2 μm. Using the atomic resolution STEM images, we
counted the number of lattice planes between adjacent twin
planes (Figure 3b). In the left part of this region, for positions
along the NW axis of 1.0 to 1.5 μm (Figure 4b), we found a
twin lattice spacing of about 19 ± 3 lattice planes per segment,

corresponding to a twin density of ρ = 0.161 nm−1 (taking the
distance between lattice planes in [111] direction as a/(3)1/2,
where a = 5.65 Å is the lattice constant of GaAs). For positions
between 1.5 and 3.1 μm (Figure 4b), we find a virtually
constant twin periodicity of 15 ± 3 lattice planes (ρ = 0.204
nm−1). At the end of this long-range periodic TSL center
region, at around 3.1 μm, there is a quite abrupt transition to
the top ZB region (Figure 3c), which occurs within less than 20
nm. In Figure 4b (green circles) the linear density of twin
interfaces is plotted as a function of position along the NW axis
and averaged at each position over a spatial window of 150 nm,
comparable to the NSOM resolution. Hence, the structural
analysis reveals a more than 2 μm long TSL region with an
almost perfectly homogeneous spacing between adjacent twin
planes. This TSL region is surrounded by two ZB segments,
one at the bottom with a high density of twin defects (Figure
3a) and one at the top with a very low density of twin planes
(Figure 3c). So far, such clear indications of TSL formation
have only been observed for this specific NW which makes it
particularly attractive for an in-depth investigation of
correlations between its crystal structure and optical properties.
This structural characterization now allows for the assign-

ment of the local optical spectra reported in Figure 2. We start
with an analysis of the top region. Here, the emission is
dominated by the Iβ band. Its emission peak with a width of
about 26 meV (full width at half-maximum, fwhm) is centered
at 1.476 eV, independent of the exact position along the wire
axis for this region. The Iα emission is suppressed and a
characteristic high energy shoulder Iγ is found in the spectra
(Figure 2d). Such emission spectra are characteristic for heavily
p-doped ZB type GaAs.53,54 The main emission, Iβ, reflects
direct, k-conserving optical transitions between the minimum

Figure 3. (Top panel) TEM micrographs of the NW from selected
regions in Figure 2c together with (bottom panel) the corresponding
atomic resolution STEM images showing the density and periodicity
of rotational twin interfaces (in red). (a) Conically shaped bottom
segment with ZB phase crystal structure, a high density of rotational
twins and a larger WZ segment. This part is separated from the TSL
structure by the inclusion of a 50 nm defect-free ZB segment. The red
arrow indicates the direction of gradually increasing twin plane density.
(b) Center segment: Large rotationally twinned ZB regions with a
virtually constant spacing between adjacent twin planes forming a TSL
structure that extends over more than 2 μm. (c) In the top region a ZB
segment with a very low density of rotational twinning is formed. Scale
bars for all STEM images are 5 nm.
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of the conduction band and the top of the valence band (see
inset in Figure 4a). The high energy shoulder, Iγ, originates
from indirect, non-k-conserving transitions into holes states
near the valence band quasi-Fermi level.53,54

The peak energy of the Iβ emission is clearly red-shifted with
respect to the band gap of ZB-type bulk GaAs. This reflects a
band gap shrinkage in p-doped GaAs due to exchange and
correlation in the hole system,53 scaling with the third root of
the hole concentration. Following ref 53, we estimate a band
gap shrinkage of 68 meV from the PL spectrum in Figure 2d
(top region). This points to a local hole concentration of about
8 × 1019 cm−3. This agrees well with the chosen in situ doping
level for the studied NWs which was set to ∼5 × 1019 cm−3.
We have therefore tried to map the local Beryllium doping

level by means of energy-dispersive X-ray (EDX) spectroscopy
and electron energy loss spectroscopy (EELS) measurements
(see Supporting Information). The doping level in our NWs,
however, was below the sensitivity limit of these techniques.
Large clusters with high Beryllium concentration would have
been resolved in these measurements. Since we did not find
such precipitates, we conclude that Beryllium is substitutionally
incorporated in our NWs. More detailed information about the
local Beryllium doping can be extracted from the near-field PL
spectra. Near-field PL spectra of a reference, Be-doped NW
from the same growth run with a defect-free ZB crystal
structure are shown in the Supporting Information. The spectra
are very similar to those recorded in the top region of the
present NW. In the pure ZB Be-doped NW, Iβ and Iγ emission
bands are also observed. The Iβ band is centered at ∼1.475 eV

and has a width of about 25 meV (fwhm). This agrees
reasonably well with literature results on heavily p-doped GaAs
for doping levels of ∼5 × 1019 cm−3, showing an average band
gap shrinkage to ∼1.460 eV at 10 K,53 a corresponding red shift
of the PL peak55 and a broadening of the emission lines to a
width of about 19 meV.56,57

The spatially homogeneous peak energy and bandwidth in
the top region of Figure 2 is thus taken as an indication for a
spatially homogeneous doping profile in this nanowire. This is
supported by recent growth studies,58 showing that pro-
nounced changes in growth temperature are needed to induce
pronounced gradients in doping concentration. We therefore
conclude that the doping in our nanowire is spatially rather
homogeneous. As such, spatial variations of the optical
properties, such as the emergence of the new optical bands,
are likely to reflect changes in the local crystal structure, unless
the bandwidth of the optical band is changed substantially.
We now turn to the spectra recorded in the bottom region of

the wire, at positions between 0.5 and 1.0 μm. Evidently, these
spectra are more complex. Here, we find a strong low-energy
emission peak, Iα, red-shifted by about 26 meV with respect to
the Iβ emission. This low energy emission is seen in all regions
with a sufficiently high density of twin defects and hence is
clearly related to the presence of these defects. In particular, the
Iα band is absent in the ZB reference NW with similar doping
level. Its line width (∼25 meV) does not change much with
position along the NW. Since we do not see a significant
change in line width, we assume that the local beryllium doping
concentration, which is the main cause for the line broadening,
is spatially rather homogeneous along the NW. All the
arguments point to an assignment of the Iα band to a spatially
indirect emission between electron states in the conduction
band of ZB GaAs and a confined hole state in the WZ layer at
the twin interface.27,59

Its red shift with respect to the Iβ emission of about 26 meV
then provides a measure of the hole confinement energy at
inclusions of WZ unit cells in a ZB matrix. The magnitude of
this red shift changes slightly (by about 3 meV) with position
and thus with twin defect density (Figure 4a). These observed
shifts are considerably larger than the binding energy of an
exciton at a single twin defect (∼5 meV).59 Reasonable
estimates of the shifts can be obtained from recently introduced
superlattice models for the lowest PL transition energy.22 In the
bottom region of the NW, the relative amplitude of the Iα is
quite large (Figure 4b, red circles). The peak energy of the Iβ

emission is similar to that in the top region of the NW, even
though the density of twin interfaces increases substantially
from 1.0 to 0.5 μm (Figure 4b). This may also point to a
quantum confinement of electronic states but it is difficult to
clearly assign the quantum confinement effects on the local
optical spectra in the bottom part of the NW. In this region, it
is challenging to clearly correlate structural and optical
properties of the NW for a variety of reasons: (i) larger
segments of WZ phase are formed, apparently red-shifting the
optical spectra, (ii) the dopant level may be different from that
in the top region and vary with position, (iii) the thickness of
the AlGaAs shell surrounding the NW is varying, affecting the
optical resonance energies and emission intensities, and (iv) the
crystal structure varies on a scale that is small compared to the
optical resolution and the carrier diffusion length, and hence,
such correlations may not be fully resolved in the present
experiments.

Figure 4. (a) Spatial variation of the peak energies of the Iα (red
circles) and Iβ (blue circles) emission peaks along the nanowire axis.
Inset: Schematic of the ZB GaAs band-to-band transition giving rise to
the Iβ emission in the top region. (b) Relative fraction of the Iα

emission to the total PL emission in different parts of the NW (red
circles) and variation of the linear density of twin planes along the NW
axis (green circles). The twin density is spatially averaged over 150 nm,
comparable to the NSOM resolution. Inset: Schematic of the origin of
the Iα (red) and Iβ (blue) emission in the center TSL region of the
NW.
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Evidence for electron quantization in twin plane superlattices
is found, however, in the center region of the nanowire, at
positions between 1.0 and 3.1 μm. Throughout this region, we
find a significant contribution from the Iα band (Figure 4a).
Moving from the topmost ZB-type region of the NW to TSL
structure, we observe, in parallel with the emergence of the Iα

band, an abrupt blue shift of the Iβ peak by about ΔETSL ≈ 10
meV in the region from 3.3 to 3.1 μm. Since we assume a nearly
homogeneous doping level along the NW growth direction, we
describe the PL spectral behavior in the TSL region as a
function of the crystal structure variation only. The abrupt shift
of the Iβ peak energy at the interface between pure ZB-type
segment and TSL structure supports this approach (Figure 4a).
Theoretical calculations suggest that the TSL structure gives

rise to electron quantum confinement in the ZB phase and
miniband formation, with miniband energies varying with twin
density.60 The thin barriers formed by the WZ monolayers
allow for efficient electron tunneling between adjacent ZB type
regions and, hence, electron delocalization and superlattice
formation.60 In this TSL center region, the dominant Iβ peak is
then assigned to a transition between the lowest TSL
conduction miniband and a valence band hole state in the
ZB region of the TSL (see inset in Figure 4b, blue photon).
The Iα emission on the other hand reflects transitions between
TSL states and heavy-hole-like bound states in WZ monolayers
(see inset in Figure 4b, red photon). The energy splitting
between both bands is position independent for this region.
The variation in peak energy of both the Iα and Iβ peaks with
twin density tracks the spatial variation in quantum confine-
ment of the delocalized electron states. Here, both the
structural TEM characterization and our optical data give
evidence for the formation of a spatially highly homogeneous
twinning superlattice region with delocalized electron states,
with wave functions extending through the superlattice.
The formation of these twin plane superlattices and the

resulting conduction miniband now could also explain the
strong emission intensities seen at the edges of the NW in
Figure 2a. In these outer top and bottom regions, electron
quantization is reduced, minibands do not exist due to the
lacking periodicity of ZB and WZ regions and the electron
states are more similar to those of a planar ZB region. Hence,
electrons created in high-energy conduction band states of the
TSL region will drift-diffuse into lower energy conduction band
states in the outer region, acting as efficient electron traps. As
seen in the optical spectra in Figure 2b, the emission intensity
in the center TSL region is therefore reduced and greatly
enhanced emission intensity is observed at the very ends of the
nanowire.

■ SUMMARY AND CONCLUSIONS
In summary, we have combined low temperature near-field
scanning optical microscopy and high-resolution electron
microscopy measurements to explore the correlation between
crystal structure and local optical properties of a single p-doped
GaAs-AlGaAs core−shell nanowire. Our measurements provide
a direct reconstruction of the local optical band gap profile with
150 nm spatial resolution and reveal a distinct local variation in
the optical spectra along the wire axis, induced by changes of
the local crystalline structure of the NW. Together, TEM and
NSOM experiments provide evidence for hole localization in a
monolayer of wurtzite type GaAs at the interface between two
rotationally twinned ZB segments. More importantly, our data
strongly suggest electron quantum confinement in the

conduction band of a periodic twinning superlattice array.
Throughout a mesoscopic range of more than 1.5 μm, this TSL
array shows a virtually perfect periodic arrangement of the twin
interfaces. The observed blue-shifts of the local PL spectra are
qualitatively explained in terms of quantum confinement model
suggesting miniband formation and electron delocalization in
the TSL conduction band. At present, the resulting optical
spectra are largely inhomogeneously broadened due to the
presence of a comparatively high level of beryllium dopants.
This calls for studies of nanowires with reduced dopant levels in
order to unveil the positive effects of the intrinsically high
structural quality of the twin interfaces on their optical
properties. Our results also suggest that it may be of substantial
interest to explore the drift-diffusive carrier transport in this
class of nanowires. Such experiments are currently underway in
our laboratories.

■ METHODS
Nanowire Growth. The investigated core−shell GaAs-

AlGaAs nanowires were grown by a commercial molecular
beam epitaxy system EP-1203. Before the growth of NWs, the
Si(111) substrate was annealed in vacuum at 660 °C in order to
partially desorb the oxide layer. After the temperature has
decreased to 610 °C, a flux of Ga was supplied to the surface for
60 s to create catalyst nanoparticles. Then, an As flux was
opened to initiate the growth of GaAs NWs. The As4/Ga fluxes
ratio and the deposition rate were held at 0.5 and 1 ML/s,
respectively. The temperature of the Be-source cell was set to
860 °C, which corresponds to a doping level of ∼5 × 1019 cm−3

for the case of planar GaAs layers grown on a GaAs(111)B
(determined by Van der Pauw measurements). The total
growth time of a GaAs segment was 15 min. After the growth
was interrupted, the temperature of the sample was reduced to
550 °C and the Al0.3Ga0.7As shell was grown within 5 min. The
NWs grown by such a Ga-assisted technique have typically
predominantly ZB crystal structure.61,62

Si Substrate with Alignment Marks. A Si substrate was
chosen because, in contrast to TEM holey carbon-coated Cu
grids, the Si flat surface ensures a stable contact of the NW with
the substrate and a good thermal dissipation during NSOM
measurements. Several alignment marks were placed onto the
Si substrate before dispersing GaAs NWs. Large scale SEM
images were then used to select four nanowires, randomly
distributed on the substrate, for TEM and NSOM measure-
ments.

Near-Field Scanning Optical Microscopy. For high
spatial resolution imaging of single NW photoluminescence,
we used a low-temperature near-field scanning optical micro-
scope operating at a temperature of 10 K inside a high vacuum
chamber.46 All measurements were performed in near-field
illumination-collection mode,52 using an uncoated, chemically
etched single mode fiber as near-field probe.48−50 Such
uncoated near-field fiber probes combine a spatial optical
resolution of about λ/4 to λ/6 with a high collection efficiency
and minimum perturbation of the optical properties of the
semiconductor nanostructure. For optical excitation, we
coupled 15 μW of light from a helium−neon laser at a photon
energy of 2.283 eV (543 nm) into the near-field fiber probe.
The PL signal was collected through the same fiber probe
(Figure 1c), dispersed in an imaging monochromator, and
detected with a nitrogen-cooled charge-coupled device camera.

Transmission Electron Microscopy. A focused ion beam
(FIB) target preparation technique was applied to prepare the
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TEM sample including the NW of interest. At first, the selected
NW was covered by carbon and platinum layers to protect the
structure during the FIB milling. Then, a piece with a size of 8.5
× 3.0 × 8.0 μm3, containing protection layers, the NW, and a
part of Si substrate, was cut out by FIB and transferred on a
TEM holder with the help of a needle-shaped micro-
manipulator. Finally, this slice was thinned by ion-milling
down to a thickness of about 80 nm in correspondence with the
NW diameter. The morphology and crystal structure of the
NW were then analyzed by TEM and STEM in a FEI
microscope TITAN 80−300, which was probe-corrected to
receive a point-to point resolution of about 1 Å. The
measurements of the lattice structure were performed in
⟨110⟩ orientation in which the stacking sequence of
consecutive {111} layers could be determined.
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