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A
structural novelty observed in semi-
conductor nanowires (NWs) based
on III�V semiconductor compounds

is their favored crystallization in the hexa-
gonal wurtzite (WZ) phase.1�3 This finding
contrasts with related bulk counterparts
that occur in the zincblende (ZB) phase
and is inherently accompanied by diversi-
fied phonon and electron dispersions that
recently introduced a new class of semicon-
ductor heterostructures where variations in
the stacking order give rise to axially de-
fined crystal phase quantum dots.4�6 The
novel heterostructures displayed atomically
sharp interfaces and a type II band align-
ment. Hence, theyholdgreatpromise inquan-
tum computing and photovoltaics.5 Band-
gap modifications experimentally found in
common III�V direct semiconductors such
as GaAs and InAs range typically below
50meV.7�9Here, the relatedsmall bandoffsets
may limit the technological importance of
related crystal phase junctions especially at
elevated temperaturesdue to reducedcharge
carrier confinement and separation. On the
other hand, recent theoretical works sug-
gest that certain indirect semiconductors

such asAlAs, AlP, andGaPmaydisplay amuch
more drastic change of their electronic bands
when transferred from the cubic to the
hexagonal crystal phase.10,11 In the case of
AlAs, A. De et al. predict a reduction of the
fundamental bandgap at the Γ point of the
first Brillouin zone from approximately 3 to
2 eV due to the introduction of a backfolded
conduction band of Γ8 symmetry and here-
by claimWZAlAs toexhibit adirectbandgap.10

Certainly, the implications of such major
modifications of electronic bands would be
vast in nanotechnology: first, knowledge on
the actual value and nature of the funda-
mental bandgap in WZ AlAs plays a crucial
role for the design of futureGaAs�AlxGa1‑xAs�
AlAs-based nanoscaled heterojunctions that
are currently investigated for their potential
in electronics and photonics.12�17 Second, a
direct nature of the fundamental bandgap
would suggest WZ AlAs itself as a novel
optically active material in the visible light
region. In this regard, a special emphasis can
be placed to the large expected bandgap
offset between AlAs in theWZ and ZB phase
that would substantially exceed values re-
ported in other material systems. However,
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ABSTRACT We report on a major modification of the fundamental electronic band structure of AlAs

when grown as a nanoscaled wurtzite crystal. Resonant Raman spectra of individual AlAs�GaAs core�shell

nanowires display a resonance between 1.83 and 2.18 eV for the AlAs E1(TO) phonon mode. Our findings

substantiate the lowest conduction band of wurtzite AlAs to compriseΓ8 symmetry and a low effective mass

in agreement with calculations reported recently. The electronic resonance falls below the X, L, andΓ valleys

known for AlAs in the zincblende phase. This result points toward a direct nature of wurtzite AlAs and is

expected to apply more generally to semiconductors that in the bulk phase exhibit L valleys at lower energies than the conduction band at the Γ point.
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the assumption of a direct bandgap below 2 eV in WZ
AlAs is currently a matter of debate since earlier
calculations based on the local-density approximation
did not reveal a direct bandgap.18 Additionally, litera-
ture currently lacks any experimental investigation on
the optical properties of WZ AlAs. This may be rea-
soned by the fact that the growth of WZ AlAs NWs has
been accomplished just recently.19

Resonant Raman (RR) spectroscopy has been estab-
lished as a versatile probe for both the structural and
electronic properties of semiconductors.20�22 In parti-
cular, RR spectroscopy has been successfully applied to
resolve the lattice dynamics and electronic bandstruc-
ture of semiconductor NWs.7,8,23 The method relies on
the dependence of the Raman cross section on the
energy difference between incoming photons imping-
ing on a crystal and absorption centers caused by
interband critical points such as the fundamental
bandgap E0. Hence, by examining the excitation-
dependent Raman cross section of distinct vibrational
modes, one is able to obtain valuable information on
the energetic values, dispersions, and symmetries of
the bands involved in an optical transition. A particular
advantage is the local nature of RR spectroscopy:
Excited electron�hole pairs involved in the Raman
process have not been diffusing toward regions dis-
playing a lower joint density of states prior to their
recombination. This is of particular advantage when
electronic properties of materials incorporated in na-
noscaled heterostructures are examined where the
fundamental bandgap of the material under investiga-
tion is bigger than adjacent layers.
In this manuscript, we study the RR spectrum of indi-

vidual AlAs�GaAs core�shell nanowires (C�S NWs) in
the WZ crystal phase. We resolve the TO splitting that
results in WZ AlAs related TO phonon modes with A1

and E1-symmetry. In particular, we investigate a reso-
nant effect of the E1(TO) mode between 1.83 and
2.18 eV in WZ AlAs. The experimental results show
the presence of a minor dispersive conduction band of
Γ8 symmetry arising due to the hexagonal crystal
phase.

RESULTS AND DISCUSSION

Structural Properties and Vibrational Modes. A typical
image of an individual AlAs�GaAs C�S NW obtained
by bright field transmission electron microscopy (TEM)
is displayed in Figure 1a. On the right-hand side, we
observe the top of the C�S NW incorporating the gold
catalyst and a short axial ZB GaAs segment underneath
that is introduced during shell overgrowth.19 To detect
the crystal phase of the C�S NW we collected electron
diffraction patterns at the center and on areas of
150 nm in diameter near the two extremes in the
[2110] orientation where WZ and ZB diffraction pat-
terns do not superimpose. The pattern taken at the
center displays sharp spots in accordance with a WZ

structure (see Figure 1b), while those taken at the top
and the bottom show streaking along the WZ spots
with maxima where the ZB spots should be (see
Figure 1c).

We conclude that the C�S NWs exhibit primarily a
clean WZ crystal phase besides regions close to the
gold catalyst and the bottom, where stacking varia-
tions and ZB inclusions occur.

A typical μ-Raman spectrummeasured in the center
of an individual AlAs�GaAs C�S NWs at room tem-
perature (RT) is depicted in Figure 2a. The polarization
of the incoming light was selected parallel to the main
NW axis that coincides with the [0001] optic axis. The
polarization of the scattered radiation was analyzed
parallel to the same axis. Referring to the sketch of
Figure 2a, this corresponds to xh(z,z)x in Porto nota-
tion. It is worth noting, that the employed excitation
energy of 1.96 eV is close to a predicted direct inter-
band critical point at 1.971 eV that is supposed to arise
due to the diversified electronic band structure in WZ
AlAs in comparison to its ZB counterpart.10 At this
spatial position, we observe vibrational modes at
266 ( 1, 358 ( 1, and 362 ( 2 cm�1. Here, the error
combines the fitting error and the error that originates
from the absolute calibration of the spectrometer. For a
quantitative analysis, Lorentzian peak fitting of these
modes was conducted (fitted curves indicated as red
solid lines in Figure 2a).

Themode at 266( 1 cm�1 coincides with the energy
for the A1(TO) phonon mode of WZ GaAs reported
recently.24,25 Hence, we attribute this particular mode
to the WZ GaAs shell surrounding the core and further
conclude that no strain is induced within the experi-
mental accuracy due to the GaAs shell.

At higher frequencies, we find a dominating peak at
around 358 ( 1 cm�1 that we assign to the A1(TO)
mode arising from the WZ AlAs core. The vibrational
mode suffers a redshift of 3�5 cm�1 with respect to the

Figure 1. (a) Bright field TEM image of an AlAs�GaAs C�S
NW. The black scale bar corresponds to 150 nm. (b) Selected
area electron diffraction pattern taken in the central area of
the NW oriented in the [2110] WZ zone axis. (c) Selected
area diffraction pattern taken from an area of 150 nm in
diameter close to the top of the NW oriented in [2110]. The
white arrows indicate the maxima along the streaking
corresponding to ZB spots. A similar pattern can be ob-
tained at the bottom of the wire.
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ZB related AlAs TO peak observed in the bulk.26,27

Group theory and measurements performed on, for
example, WZ GaAs NWs show that in the polarized
configuration employed only the A1(TO) mode is al-
lowed in theWZphase.25,26,29 In fact, in uniaxial crystals
the anisotropy of the crystal results in an anisotropy of
the force constants. In Raman scattering this manifests
as a spectral A1�E1 splitting,

24,28 where the A1(TO) mode
that is polarized along the [0001] crystallographic direc-
tion suffers generally a redshift compared to the E1 (TO)
and ZB related TO of the same compound.

Besides the A1(TO) peak at 358( 1 cm�1 we find an
adjacent spectral feature at 362( 2 cm�1. For ZB AlAs
in the bulk form, a frequency of 361�363 cm�1 was
reported for the transversal optical (TO) mode in first-
order Raman scattering.26,27 This value coincides with
the mode we observe at 362( 2 cm�1. In the case of a
WZ crystal, phonon modes of E1 symmetry arise that

are commonly larger in energy than those of A1 sym-
metry and close to the TO mode in ZB due to their
polarization perpendicular to the optic axis. In this case,
the altered stacking sequence does not affect the force
constants to a greater extent. Therefore, we attribute
the mode at 362 ( 2 cm�1 to a E1(TO) mode.

To study the influence of stacking variations and ZB
inclusions that we detected in our TEM investigations
at the extremes of the C�S NWs, we performed spatial
scans along individual C�S NWs collecting a spectrum
every 300 nm. Notably, the step size is smaller than the
spot size of 900 ( 100 nm. Hence, we obtain a con-
volution of light scattered in overlapping areas. A
typical μ-Raman scan is depicted in Figure 2b. At
z > 2.4 μm, we detect a small contribution of a phonon
mode at 373 ( 2 cm�1. Several works have found
experimental agreement with vibrational modes of the
WZ structure by folding the phonon-wavevector dis-
persion for the corresponding ZB structure along the
[111] direction (Γ f L).25,29,30 As a consequence, four
new modes appear at the Γ point of the first Brillouin
zone. In particular, this results in a phononmode of B1

H

symmetry that should roughly coincide with the en-
ergetic value of the LO mode at the L point of the first
Brillouin zone in the ZB phase. For ZB AlAs, a value of
377 cm�1 and 372 cm�1 was determined for the LO at
the L point by second order Raman scattering and
ab initio calculations, respectively.27,31 We note that
the B1

H is generally silent in Raman scattering as can be
understood from group symmetry considerations but
can however be induced by defects such as by the
stacking variations that we found in our TEM investiga-
tions at the spatial extremes of the NW.28,30 Hence, we
attribute this particular mode at 373 ( 2 cm�1 to a
disorder activated B1

H mode in WZ AlAs. To summa-
rize the preceding results, we compare in Table 1 the
wavenumbers of phonon modes expected from the

TABLE 1. Wavenumbers of PhononModes Expected inWZ

AlAs as Well as the Expected Configurations for which

Raman Measurements Are Possible Are Compared with

the Values and Corresponding Configurations Reported

in This Work

expected25,29,31 measured (this work)

mode position (cm�1) configuration position (cm�1) configuration

E1(LO) 400 xh(y,z)y
A1(LO) <400 zh(y,y)z
B1
H 372 silent mode 373 ( 2 xh(z,z)x

E1(TO) 363 xh(y,z)x, xh(z,y)x,
xh(y,z)y, xh(z,y)y

362 ( 2 xh(z,z)x

A1(TO) <363 xh(z,z)x, xh(y,y)x 358 ( 1 xh(z,z)x
E2
H 352 xh(y,y)x, xh(y,y)z,

zh(y,x)z, zh(y,y)z
B1
L 212 silent mode

E2
L 71 xh(y,y)x, xh(y,y)z,

zh(y,x)z, zh(y,y)z

Figure 2. (a) Typical Raman spectrum recorded at the
center of an individual AlAs�GaAs C�S NW. (b) Spatially
resolved Raman scan along an individual C�S NW where
black dots are experimental points and red solid lines are
multi-Lorentzian peak fits. Spectra have been shifted verti-
cally for clarity. (c) Peak wavenumbers of the A1(TO) (blue
dots) are correlated with the relative integrated peak in-
tensity of the E1(TO) (red squares) as a function of the spatial
position along an individual C�S NW.
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folding of the phonon-wavevector dispersion along
the [111] direction25,29,30 with the values measured in
this work. Here, we also indicate the configurations for
which Raman measurements are possible together
with the configuration employed.25,28

Interestingly, we observe an energetic redshift of
about 1 cm�1 for the A1(TO) phonon mode at z >
2.4 μm while we find a gradual energetic blueshift of
about 2�3 cm�1 at the opposite end (z < 0.9 μm). We
assign both shifts to strain. We think that the different
directions of strain at both ends are caused by the axial
ZB GaAs segment that is just present at one end. In the
case of InAs and InSb nanowires, it has been recently
reported that the WZ crystal phase tends to stretch the
distances of atomic layers parallel to the c axis by 0.4%
while those perpendicular are slightly compressed by
about 0.2%.32 A similar trend was observed in the case
of WZ AlAs.19 Hence, the change of crystal phase from
WZ to ZB should lead to compressive strain in the WZ
part parallel to the c axis, that in turn should evoke a
blueshift of the A1(TO) mode since it is polarized along
c.28 This agrees with our observations and is supported
by the fact that at the same end, we also observe a
blueshift of the GaAs TO mode and an increase of its
intensity that we indeed attribute to the axial GaAs
segment. The slight redshift at the opposite end is less
clear. It may be induced by tensile strain caused by
breaking the C�S NW off the substrate or crystal
defects introduced during the start of the growth.

Resonant Effects and Interband Critical Points. Besides the
structural origin of the strain, it is interesting to note
the anticorrelation between the peak frequency of the
A1(TO) mode and the relative intensity of the E1(TO)
mode that becomes apparent in Figure 2c. This finding
can be understood as follows: Compressive (tensile)
strain leads to a blueshift (redshift) of vibrational
modes. On similar footing, the electronic band transi-
tions of WZ AlAs blueshift (redshift) due to the ener-
getic change of the underlying electronic Bloch states.

Hence, the excitation energy that has been chosen
to be in close resonance with the fundamental band-
gap of WZ AlAs that is theoretically expected at 1.97 eV
trails off (approaches) this particular resonance and the
Raman cross section of distinct vibrational modes
reduces (increases). This interpretation is confirmed
by temperature-dependent measurements where we
cooled the C�S NWs from RT to 15 K. A temperature
decrease entails a blueshift of band transitions in
crystals and leads to similar physical effects as com-
pressive strain with respect to the energetic position of
vibrational and electronic energies. Indeed, we ob-
serve an inhibition of the E1(TO) mode accompanied
by a blueshift of the A1(TO) mode when the tempera-
ture is reduced (see Figure 3). This gives evidence of a
resonant nature of the E1(TO) mode for an excitation
energy of 1.96 eV at RT and could explain the presence
of the E1(TO)mode that we in fact would not expect for

the particular polarization we employed: As pointed
out in the beginning, both the exciting and analyzed
electric fieldwere polarized or analyzed along the optic
[0001] axis of the NW. In such a configuration only the
A1(TO) mode should be observed, while the E1(TO)
mode is expected to occur in a configuration where
either the analyzed or the incoming electric field is
polarized across the NW axis as can be readily calcu-
lated by the corresponding Raman tensors (see also
Table 1).28,30 We note that such selection rules are
derived under the assumption of scattering events
taking place at the Γ point of the first Brillouin zone,
where the phonon wavevector transfer q equals zero.
This q = 0 selection rule can be relaxed for instance due
to interruptions of the lattice periodicity or due to the
small diameter d of the nanowire, that implies an
uncertainty of the wavevector q proportional to
1/d.22,33 Such contributions are expected to be small in
our case but may become pronounced under conditions
where phonon modes are resonantly enhanced.

To further examine the polarization dependence of
the AlAs�GaAs C�S NWs we conducted polarization-
dependent measurements. We note that no signal
could be detected from the NW whenever either the
incident or scattered light was polarized or analyzed
strictly perpendicular to the NW main axis. We assign
this anisotropy to a manifestation of the antenna-like
geometry of the nanostructure that displays a diameter
much lower than the wavelength of the incident light.
In the case of NWs, it has been shown that anisotropic
internal field distributions inside of a NW superimpose
selection rules that arise due to crystal symmetries.34,35

In particular, we find an inhibition of phonon modes of
E2 symmetry that we expect to be most intense in
Raman spectra with both the incident and the scat-
tered light polarized perpendicular to the NW axis.28

We depict the measured peak intensities of the A1(TO)
and E1(TO) in dependence of the angle φ of the
analyzed polarization of the electric field εs with re-
spect to the main NW axis as dots in Figure 4. Here, the
polarization of the incoming light εi was fixed parallel

Figure 3. Raman spectra in the center of an individualNWat
RT as well as at 15 K. Black dots are experimental points and
red solid lines are (multi)-Lorentzian peak fits. In the lower
spectrum (RT), blue and red dashed lines mark the indivi-
dual Lorentzian contributions of the A1(TO) and E1(TO)
phononmode, respectively. Blue and red arrows are guides
to the eye. Spectra have been shifted vertically for clarity.
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to the NW axis. As can be seen, the intensity of both
modes drops considerably and we cannot resolve
them for φ > 45 degrees. The solid lines are cos4(φ) fits
that represent the data well with maxima at �13 ( 2
and 167( 2 degrees. In an heuristic manner, a cos4(φ)
behavior can be decoded combining the Raman tensor
of A1 symmetry;which yields an intensity profile �
cos2(φ)28,30;and a depolarization field opposing the
incoming and scattered light across the main NW axis.
Corresponding results have been obtained modeling
internal field distribution for GaPNWs belowdiameters
of 50 nm.34 In this regard, the A1(TO) profile versus

polarization is in agreement with common expecta-
tions although we refrain from detailed simulations in
the case of AlAs�GaAs C�S NWs at this stage, espe-
cially, since theoretical calculations of the dielectric
response functions of WZ AlAs36 have not been con-
firmed experimentally yet. Surprisingly, the polariza-
tion dependence of the E1(TO) mode follows exactly
the one of the A1(TO) mode within the error of the
measurement. A similar argument taking into account
the Raman tensor of E1 symmetry, where classically an
intensity profile � sin2(φ) is expected,28,30 should lead
to a barely detectable quadrupole-like intensity profile.
Again, we conclude that this finding is evidence for a
resonant effect. However, it is worth noting that the
occurrence of the E1(TO) mode cannot be explained by
internal field distributions due the antenna shape of
the C�S NW alone, since we found an inhibition of this
mode at cryogenic temperatures, where a consider-
able change of the dimensions of the NW cannot be
expected.

To study the resonance profile of the E1(TO) phonon
mode we performed measurements in dependence of
the excitation energy at RT. The polarization of the
incoming light was chosen again parallel to the main

NWaxis. The scattered radiationwas also analyzedwith
a polarization parallel to this axis (xh(z,z)x and φ = 0,
respectively). The spectra have been normalized to the
Raman cross section of CaF2 which is fairly constant in
this energy range.37 We further assume the NW diam-
eter to be much smaller than the attenuation depth
of WZ AlAs in the visible spectrum. Hence, we com-
pensate for the influence of dispersive elements in our
experimental setup and obtain a signal proportional to
the Raman cross section of WZ AlAs.

As can be observed in Figure 5 panels a and b,
which show the fitting results for the Raman cross
section for the A1(TO) and E1(TO) phonon mode, a
significant contribution of the E1(TO) mode is present
only in the case of an excitation of 1.92 and 1.96 eV,
while for higher or lower excitation energies, this
particular mode gets suppressed. This is in agreement
with the temperature-dependent measurements,
that revealed an extinction of the E1(TO) for cryo-
genic temperatures at 1.96 eV. In contrast, the A1(TO)
phononmode displays no particular resonance between

Figure 5. (a) Raman spectra collected in the center of an
individual AlAs�GaAs C�S NW in dependence of the ex-
citation energy normalized to CaF2. Experimental points
and multi-Lorentzian fits are depicted as colored symbols
and black solid lines, respectively. Lorentzian functions
depicted as dashed blue and red lines are individual con-
tributions of the A1(TO) and E1(TO) modes, respectively.
Spectra have been shifted vertically for clarity. Vertical
dashed lines are guides to the eye. (b) Raman cross section
of the A1(TO) and E1(TO) phonon modes in dependence of
the excitation energy. Solid lines are guides to the eye. (c)
Sketch of the electronic bandstructure in the proximity of
the Γ point of the first Brillouin zone according to ref 10.
Allowed optical transitions in dependence of the polariza-
tion of the electric field with respect to the optic axis c are
indicated.

Figure 4. (a) Sketch of the AlAs�GaAs C�S NWwith respect
to the incoming electric field εi and the scattered electric
field εs analyzed. The angle φ depicts the angle of εs with
respect to the z-axis. (b) Measured Raman peak intensities
of the A1(TO) and E1(TO) phononmodes in dependence of φ
are shown as black dots. The red solid lines represent cos4φ
fits through the data.
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1.84 and 2.5 eV within the experimental accuracy (see
Figure 5b). This can be understood with help of
Figure 5c where the expected electronic band struc-
ture at the center of the first Brillouin zone ofWZAlAs is
sketched: Γ8 symmetry is predicted for the lowest con-
duction band at 1.971 eV with respect to the upper-
most Γ9 valence band.

10 An optical transition between
those states is allowed perpendicular to the optic
[0001] axis only.38 Since resonant enhancements fol-
low the symmetry of the bands involved in an optical
transition,21 this particular transition cannot couple to
a phonon mode of A1 symmetry that is allowed for
polarizations along the optic [0001] axis. In fact, we
expect modes of A1 symmetry to be resonantly en-
hanced involving bands of the same symmetry. So the
corresponding transition would occur between the
valence and conduction bands of Γ7 symmetry with
an estimated energetic difference of 3.3 eV which is far
above the energies employed in this study. In contrast,
E1 symmetry requires one component of the electric
field (either incident or scattered) to be polarized
perpendicular to the optic axis. Hence, the cross sec-
tion of the A1(TO) mode should appear fairly constant
while the E1(TO) mode depicts a resonance around
2 eV in agreement with our observations. It is worth
noting that the Γ7�Γ8 transition is forbidden in either
polarization and, hence, cannot couple resonantly to
any phonon mode.38

In resonant cases it is well-known that not only
resonant enhancements of the scattering cross section
of TO phonon modes can occur but longitudinal
optical (LO) modes that are usually forbidden in back-
scattering from {1100} facets can be activated via

Fröhlich interaction.20 Interestingly, we do not observe
longitudinal modes of E1 or A1 symmetry that we
would expect in the proximity of the LO mode at
around 400 cm�1 in ZB AlAs.27,31 For the A1(LO) the
same argumentation applies as for the A1(TO) pho-
non mode. The suppression of the E1(LO) on the
other hand can be reasoned by another particular
property of the Γ8 conduction band: The band is
expected to display a rather large effective mass
comparable to the valence band of Γ9 symmetry.10

Since the Fröhlich interaction scales with the differ-
ence of the inverse effective masses of the bands

involved in an optical transition, this effectively
reduces the activation of longitudinal modes in WZ
AlAs in this energy range.

Interestingly, the observed resonance falls below
the X, L, and Γ valleys reported in ZB AlAs at 2.18, 2.35,
and 3.03 eV, respectively.39 This finding suggests a
direct nature of WZ AlAs in agreement with recent
theoretical calculations. However, the exact energetic
positions of valleys apart from the Γ point are experi-
mentally not known for WZ AlAs yet and could com-
pete with the fundamental energy gap below 2.18 eV.
More insight into this question would involve a de-
tailed study of photoluminescence (PL) signals which
we found to be strongly suppressed in our C�S NW
samples. We attribute the suppression to diffusion of
photoexcited charge carriers into the GaAs shell and to
PL quenching due to the small diameter of the C�S
NWs. Additionally, PL backgrounds could be also
evoked by the E0 þ Δ0 split-off band of the GaAs shell
that serves as a protection layer of the AlAs core.39 Such
challenges make a detailed PL study difficult at this
stage and stress the power of RR spectroscopy when
C�SNWs are investigated. In any case, the competition
of the Γ valley with adjacent valleys;mainly the
M-valley in WZ AlAs10;is at least significantly reduced
in comparison to the ZB case and could be further
tuned by introducing strain or Ga adatoms. We further
note that the conduction band structure of, for exam-
ple, WZ GaP is very similar to AlAs in theWZ phase11 so
that we expect our findings to be applied more gen-
erally to semiconductors that in the ZB phase display L
valleys at lower energies than the conduction band at
the Γ point.

CONCLUSIONS

We presented experimental evidence for an inter-
band critical point below 2.18 eV at the Γ point of the
first Brillouin zone of WZ AlAs employing RR spectros-
copy. The involved conduction band is found to follow
Γ8 symmetry and to display a high effective mass in
agreement with recent theoretical calculations.
Furthermore, this finding suggests a direct nature of
the fundamental bandgap in this novel material sys-
tem that could be employed in future nanoscaled
optoelectronic systems.

METHODS
AlAs�GaAs C�S NWs were grown by employing the system

described in ref 40. To realize large core AlAs NWs suitable for
spatial-dependent Raman measurements we have used a two-
step growth procedure. In the first step we have grown AlAs
NWs at high growth temperature (710 �C) with trimethylalumi-
nium (TMAl) line pressure of 0.4 Torr and tertiarybutylarsine
(TBAs) of 4 Torr with a growth time of 4 min. This allows an
increase in the catalyst nanoparticle movement on the surface
and thereby increases the catalyst agglomeration probability. In
a second step we have decreased the growth temperature to

670 �C with TMAl line pressure of 0.2 Torr, TBAs of 4 Torr and
with a growth time of 90 min. The reduction of the growth
temperature allows an increase in the growth rate, as found in
our previous work,19 while the decrease of the group III flux
allows the growth of larger NWs. Owing to the Gibbs�Thomson
effect, the smaller catalyst droplets have higher chemical
potential, therefore a reduction of group III fluxmakes it difficult
for them to reach the supersaturation condition. Consequently,
the growth of small diameter NWs is prevented. To allow for
ex situ characterization of the AlAs core, the samples were
cooled down to a growth temperature of 420 �C under TBAs
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flow, and the GaAs shells were grown for 2 min with triethyl-
gallium (TEGa) and TBAs line pressures of 0.7 and 2 Torr,
respectively.19

Some AlAs NWs were mechanically transferred to carbon-
coated copper grids and analyzed by a Zeiss Libra 120 transmis-
sion electron microscope (TEM) operating at 120 kV. Core and
shell thicknesses were determined on high angle angular dark
field scanning TEM images, where the z contrast makes the shell
clearly visible, and they resulted to be 31( 7 nm and 9( 1 nm,
respectively.
To address individual NWs by μ-Raman spectroscopy, NWs

were mechanically transferred to a patterned silicon substrate.
Measurements were recorded in a flow-cryostat at 10�6 mbar at
room temperature as well as at 15 K in backscattering geometry.
The 1.96 eV transition of an HeNe laser focused by amicroscope
objective comprising a numerical aperture = 0.75 was em-
ployed as an excitation source. We experimentally determined
a spot size of 0.9( 0.1 μm in diameter for this particular excitation
energy. For the excitation-dependent study we employed several
excitation lines arising from Arþ, Krþ, and Arþ/Krþ gas and mixed
gas lasers at 2.50, 2.41, 2.18, 1.92, and 1.83 eV. The spectra were
collected by a XY Dilor triple spectrometer equipped with a
multichannel charge coupled device. The spectral resolution of
the setup is below 1 cm�1 in the entire spectral range we investi-
gate. A low incoming laser power of 40 μWwas chosen in order to
avoid heating effects. Incoming and scattered light polarizations
with respect to the NW main axis were defined by a set of
polarization filters and Lambda/2 plateswith an error of 10 degrees.
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