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I
n recent years, semiconductor nanowires
have attractedanenormous level of interest
throughout the scientific community.1�5

A particular feature of nanoscalematerials is
the formation of structural polytypes that
are not stable in the bulk. This fascinating
phenomenon has been observed in nano-
particles and nanowires.6,7 Important semi-
conductors such as GaAs, GaP, InAs, InP,
AlAs, AlP, GaSb, InSb, or Si are stable in the
zinc-blende structure (ZB). Theymay crystal-
lize in the wurtzite (WZ) lattice when they
are grown in the nanowire form.8�10 The
change in the crystal symmetry from cubic
to hexagonal implies a modification of the
electronic band structure. The coexistence
of WZ and ZB phases within a single nano-
wire opens unprecedented possibilities for
band structure engineering and advanced
nanowire devices.11 For example, owing to
the staggered band alignment betweenWZ
and ZB GaAs, a quantum dot formed by an
island of WZ (ZB) in a ZB (WZ) matrix would
enable the longtime storage of holes
(electrons). Alternatively, the formation of
polytypic superlattices in silicon could even-
tually lead to the transformation in a direct
bandgap material.12,13 For the design of
these novel structures, it is essential to have
a clear picture of the band structure of the
polytypes. Recently, materials scientists have
achieved immense progress in controlling
the crystal phase,14�16 but only little experi-
mental work has focused on the details of
the electronic band structure of WZ ar-
senides, phosphides, and antimonides. In-
deed, several groups reported microphoto-
luminescence measurements on the direct
band gap of the WZ phase of InP,17 InAs,18

and GaAs. But in the presence of stacking
faults, the interpretation of the spectra is
often hindered by the simultaneous contri-
bution of multiple confined WZ or ZB seg-
ments to the PL spectrum, and consequently

the experimental results often diverged. For
example, for the band gap ofWZGaAs values
of 1.54,19 1.522,20 1.50,21,22 and 1.519 eV23

have been reported. The examination of
the lower lying valence bands and higher
conduction bands using photolumines-
cence techniques is evenmore challenging.
Here, photoluminescence excitation spec-
troscopy could shed light on the valence
band structure of InP,24,25 and most re-
cently, evidence for the second Γ8 con-
duction band in heavily doped InP nano-
wires could be found in photoluminescence
experiments.26

Resonant Raman spectroscopy (RRS) is a
powerful tool in physical science that pro-
vides a vast plethora of information on the
lattice dynamics, the electronic structure,
the electron�phonon interaction, and the
elementary excitations such as plasmons in
both bulk and nanoscale materials. The key
role of RRS in the interpretation of the
unique vibrational spectrum of dimension-
ally confinedcarbonnanotubes,27or the recent
progress in the understanding of quantum
interference processes in the inelastic light
scattering in graphene28 are only two ex-
amples that illustrate this importance. In
nanowires, the drastic consequences of a
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ABSTRACT In semiconductor nanowires, the coexistence of wurtzite and zinc-blende phases

enables the engineering of the electronic structure within a single material. This presupposes an

exact knowledge of the band structure in the wurtzite phase. We demonstrate that resonant Raman

scattering is a important tool to probe the electronic structure of novel materials. Exemplarily, we

use this technique to elucidate the band structure of wurtzite GaAs at the Γ point. Within the

experimental uncertainty we find that the free excitons at the edge of the wurtzite and the zinc-

blende band gap exhibit equal energies. For the first time we show that the conduction band

minimum in wurtzite GaAs is of Γ7 symmetry, meaning a small effective mass. We further find

evidence for a light-hole�heavy-hole splitting of 103 meV at 10 K.
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modified electron�phonon interaction on the optoe-
lectronic properties has been demonstrated using the
RRS technique.29

In the following, RRS is presented as an extremely
suitable technique for the understanding of the elec-
tronic structure of nanoscale materials. The principle of
this technique is shown in Figure 1a. The Raman
scattering of a single nanostructure such as a nanowire
is excited and collected locally with a spatial resolution
of less than 1 μm. The microscopic picture of the
Raman effect is usually described as the absorption
and subsequent emission of a Raman scattered photon
via a virtual intermediate electronic state. However,
when the energy of the incident light approaches an
interband transition of a semiconductor, real electronic
states may mediate the thereby enhanced scattering
process. As a consequence, direct information on the
electronic band structure can be obtained by finding
the conditions leading to resonant enhancement.
In polar semiconductors the resonance is particularly
important for the exciton-mediated scattering from
longitudinal optical (LO) phonons. Here, not only the
one-LO-phonon mode is strongly enhanced, but also
the higher order multiphonon modes exhibit large
enhancements.30 An example of the multiphonon scat-
tering from up to three LO in WZ GaAs nanowires is
shown in Figure 1b. The resonant Raman scattering by
two LO phonons can be described by the following
sequence which is schematically shown in Figure 1c:
(i) a photon is absorbed and a virtual exciton in a
1s state is created, (ii) the subsequent emission (or
absorption) of two LO phonons causes the exciton to
change its state, and (iii) the electronic system returns
into the ground state by emission of a Raman scattered
photon.31 This process corresponds to the so-called
“outgoing” resonance, where the strongest enhance-
ment in the 2LO scattering is observed. Energy con-
servation within the global process requires that the
energy of the incident photon exactly matches the
energy of the band-edge exciton plus the energy of the

two scattered LO phonons:

Elaser ¼ Eexciton þ E2LO (1)

By tuning the excitation energy, we can use the 2LO
resonance profile to find the critical points of the band
structure. Additionally, by measuring the polarization
dependence of the resonance, information on the
symmetry of the concerned bands can be obtained.
Overall, RRS is an extremely suited technique for
revealing the band structure of novel materials or
structures, often synthesized in nanoscale sizes.
A general comparison between the expected band

structure of WZ and ZB semiconductors is shown in
Figure 2. The differences in the band structure for WZ
and ZB are multifold. First, the combination of both
spin�orbit and crystal-field perturbations in WZ splits
the cubic Γ15 valence states into the Γ9 heavy-hole, Γ7

light-hole, andΓ7 crystal-field split-off valence bands in
the hexagonal WZ structure. Furthermore, WZ exhibits
a unit cell along the (0001) direction double as long as
the one of ZB along the equivalent (111) direction. As a

Figure 1. (a) Schematic drawing of the resonant micro-Raman experiment on a single nanowire. The linear polarized laser
light is tuned over a wide energy range. (b) Near resonance multi-LO-phonon spectrum of an individual WZ GaAs nanowire.
Scattering from up to three LO phonons is observed. The Raman spectrum is superimposed on a broad photoluminescence
background. (c) Schematic diagram of the resonant Raman scattering from two LO phonons with the 1s exciton as the
resonant intermediate state.

Figure 2. Schematic diagram showing the main differences
in the band structure at the Γ and L point of a ZB semi-
conductor and theΓpoint in theWZphase. In theWZphase,
a conduction band with Γ8 symmetry arises from the
zonefolding of the L point in ZB to the Γ point in WZ.
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consequence, there is a zone folding that leads to the
existence of a supplementary conduction band in WZ
withΓ8 symmetry close to the ZB-like conduction band
with Γ7 symmetry. Interestingly, the Γ8 band should
exhibit a much larger electronmass than the Γ7 conduc-
tion band.32 In the case thatWZ semiconductors would
exhibit a Γ8 conduction band minimum, one would
expect the mobility of the material to be reduced sig-
nificantly. This would have detrimental consequences
for the transport properties and its device applicability.
The symmetry of the lowest conduction band in WZ
GaAs has been the subject of controversy in the past
few years. Both Γ8 and Γ7 minima have been theore-
tically predicted.32,33 Moreover, an experimental proof
of the real nature of the conduction band minimum in
WZ GaAs is, to the best of our knowledge, still missing.
In a preliminary study we used RRS to examine the
transition between the Γ7 crystal-field split-off valence
band and the Γ7 conduction band in WZ GaAs. We
found it lies at 1.982 eV at 0 K.34 In this work, we extend
our study in order to provide a clear picture of the band
structure of WZ GaAs at the Γ point. We expect these
results will be used in the future for further bandgap
engineering using GaAs polytypes. Moreover, we ex-
pect that this work will open a new avenue for the
investigation of the band structure of other novel
materials and/or polytypes.

RESULTS AND DISCUSSION

A direct comparison of the band structure between
WZ and ZB can be realized with a nanowire containing
extended regions of the two phases. In a recent study,
the direct correlation between the structure and op-
tical properties of GaAs nanowires presenting a gradi-
ent in the WZ content enabled us to determine the
value of the valence and conduction band disconti-
nuities, as well as the bandgap deduced by the band-
edge luminescence of 100% WZ nanowires.21 Here,
GaAs nanowires with large separated segments of ZB
and WZ were investigated. The preferential growth of
the WZ phase at the tip of the nanowire has been
achieved by abrupt changes in the arsenic flux during

the growth. The high resolution transmission electron
microscopy (HRTEM) analysis of the nanowires is
shown in Figure 3a. The first part of the nanowires
presents long extensions of ZB structure with the
presence of twins spaced for more than 1 μm. Inter-
estingly, the abrupt change in the growth conditions
also induces a cascaded increase in the nanowire
diameter from 90 to 120 nm. This might be due to
the increase in the Ga droplet size each time the V/III
ratio is decreased. The tip of a nanowire is constituted
by stacking fault-free segments of pureWZGaAswith a
length of greater than 1 μm. The WZ structure can be
better appreciated and distinguished from the ZB in
the detailed HRTEM micrograph insets in Figure 3a. A
typical Raman spectrum of WZ GaAs taken near the
resonance with the polarization of the incident light
perpendicular to the hexagonal c-axis (parallel to the
nanowire axis) is shown in Figure 3b. In all the Raman
measurements from the WZ region, care was taken to
ensure that the spectra were taken only at the nano-
wire tip to avoid any spurious effect related to the
existence of stacking faults. In this scattering config-
uration, the Raman selection rules allow scattering
from the E1 transverse optical (TO) mode, as well as
from the nonpolar E2

h mode.35 Resonant enhancement
in the first-order scattering from LOphonons, as well as
second-order scattering from two LO phonons is ob-
served as well in the spectrum. The experiments were
performed as follows. Raman spectra were collected as
a function of the excitation energy between 1.72 and
1.57 eV for different incident polarizations. The inten-
sity ratio between the LOor 2LO and the TOmodeswas
then obtained as a function of the excitation condi-
tions. Then, the resonant conditionswere related to the
critical points in the band structure. In the following,
we present the enhancement of the LO and 2LO
modes for the different configurations. The resonance
profiles for first and second order scattering from LO
phonons in the range of 1.67�1.72 eV are shown in
Figure 4a. For both polarizations, parallel and perpen-
dicular to the nanowire axis, we observe a strong
outgoing resonance (Elaser = Eexciton þ E2LO) in the

Figure 3. (a) HRTEM micrographs showing extended ZB GaAs parts at the base of the wire and long WZ segments at the
nanowire tip. (b) Near-resonant micro-Raman spectrum from the WZ part of the nanowire exhibiting the characteristic E2

h

mode of the WZ structure.
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second order scattering from LO phonons with a max-
imumat1.6932eVandawidthγof 14meV. Theoutgoing
resonance in the first order scattering (Elaser = Eexcitonþ
ELO) occurs subsequently with an energy difference of
one LO phonon. From the 2LO resonance condition
Elaser = Eexciton � E2LO we calculate an energy Eexciton of
the observed free band-edge exciton in the WZ GaAs
band structure of 1.620 eV at 10 K.
We now turn our attention to the band gap in WZ

and ZB GaAs. The resonance profiles at the direct gap
of WZ GaAs are shown in Figure 4b. From a Lorentzian
fit we obtain the resonance maximum in the second
order LO scattering at 1.5897( 0.0002 eV with a width
of 8meV. Subsequently, the resonance in the first order
LO scattering occurs with the energy difference of one
LOphonon. Fromeq1weobtain an energy of 1.5165 eV
for the band-edge exciton at the fundamental band-
gap in WZ GaAs. The 2LO resonance measured in a
stacking fault-free ZB part of the GaAs nanowire is
shown in Figure 4c. Interestingly, we obtain almost
exactly the same energy as for the 2LO resonance in ZB
GaAs. A Lorentzian fit results in amaximum at 1.5894(
0.0002 eV with a width of 8 meV for ZB GaAs, corre-
sponding to a band-edge exciton energy of 1.5162 eV.
It is an astonishing result that within the experimental
uncertainty the numbers forWZ andZBGaAs are equal.
However, there is an important difference between the
resonances observed in WZ and ZB GaAs. In Figure 4
panelsbandcweseeclearly that the2LOresonanceat the
bandgap of WZ GaAs predominantly occurs for incident
light polarized perpendicular to the hexagonal c-axis,
whereas the 2LO resonance in ZB GaAs only weakly
depends on the polarization of the incident laser light.
We continue with the discussion of the nature of

the interband critical points based on the polariza-
tion dependence of the Raman resonances. Figure 5b

demonstrates the weak dependence of the first 2LO
resonance in WZ GaAs at Eexciton = 1.620 eV on the
incident polarization. We can understand this behavior
from the optical selection rules for WZ crystals.36,37 In
Figure 5a the schematic of the band structure at the Γ
point of a WZ crystal is shown together with the dipole
allowed optical transitions for incident light polarized
parallel or perpendicular to the hexagonal c-axis. For
E^ c, scattering from E1 LO phonons allows coupling of
states with symmetry Γ7 f Γ7, Γ9 f Γ7, and Γ9 f Γ8,
while for E ) c the scattering fromA1 LOphonons allows
only couples states with symmetry Γ7 f Γ7.

38 Conse-
quently, the unpolarized resonance at 1.620 eV can be
unambiguously assigned with a transition from the
Γ7 light-hole valence band to the Γ7 conduction band.
The observed width of 14 meV, which is much greater
than the corresponding width at the direct gap, is
attributed to lifetime broadening due to the fast
Γ7 f Γ9 hole conversion by spontaneous phonon
emission. As it can be seen in the measurement shown
inFigure 5c, the resonanceat the fundamental gapof ZB
GaAs is unpolarized as expected for an optical transition
from the degenerate Γ8 valence band to the Γ6 con-
ductionband in crystalswith ZB symmetry.39 In contrast,
the resonance at the fundamental gap in WZ GaAs
is clearly polarized perpendicular to the hexagonal
c-axis in Figure 5d. In this case, both the allowed
Γ9 f Γ7 and the Γ9 f Γ8 transitions from the topmost
heavy-hole valence band to the Γ7 or Γ8 conduction
band have to be considered. In the following we will
explain why only one of these two allowed transitions
canbeobserved in theRRS experiment, andhowwecan
identify the nature of the observed transition.
The most important question concerning the band

structure of WZ GaAs is the symmetry of the lowest
conduction band, as this will determine if the effective

Figure 4. 2LO resonance profiles at the light-hole toΓ7 conduction band transition inWZGaAs (a) aswell as at the bandgapof
WZ GaAs (b) and ZB GaAs (c) for incident polarizations parallel and perpendicular to the nanowire axis. The insets in panels a
andb show theoneLO resonances at the correspondingWZgaps. Theprofiles in panels a and chavebeen scaled for clarity. By
displaying the 2LO/LO ratio, we remove the effect of the nanowire geometry in the coupling of the light into the nanowire for
the two polarizations.
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mass is extremely large or not. On the basis of sym-
metry considerations, it has been predicted that the
lowest conduction band should have Γ8 symmetry,
provided that the band gap of the WZ phase is smaller
than the ZB gap.32,40 Ourmeasurements are consistent
with an equal or marginally higher bandgap. Now, two
questions remain to be answered: (i) considering that
both transitions from the topmost heavy-hole valence
band to the Γ7 or Γ8 conduction bands are optically
allowed, why do we observe a unique transition, and
(ii) to what transition do the experiments correspond?
Several arguments are consistent with the picture of a
Γ7 conduction band minimum. First of all, it should be
difficult to observe a resonance with the Γ8 band. It has
been shown that in theWZ structure the optical matrix
elements for zone center transitions between states
that originate from the ZB Γ point and those arising
from the back-folded ZB L-points should be rather
small.41,42 This is not the case for the transitions invol-
ving WZ Γ7 states that originate from ZB zone center

states, which is consistent with our observation of
strong resonances for the transitions between the Γ7

conduction band and the crystal-field split-off and the
light-hole valence bands. A further argument that
speaks for the Γ7 nature of the conduction band
minimum is the intensity of the 2LO scattering and
the relation with the effective masses of electrons and
holes. The effective mass of the electrons in the Γ7

conduction band of WZ GaAs is much lower than the
effective holemass in the heavy-hole valence band. On
the contrary, in the case of a heavy-hole band to Γ8

conduction band transition the electron and hole
effective masses are extremely similar.32 It is known
that for a similarmass between electrons and holes, the
2LO scattering efficiency decreases significantly.31

Furthermore, the multiphonon resonant Raman spec-
tra should exhibit a characteristic intensity alternation
in which the even numbered LO lines are stronger than
the odd-numbered lines, observed in InI and InBr.43,44

On the contrary, in the case of polar semiconductors

Figure 5. (a) Optical allowed transitions in a WZ crystal for incident polarization parallel and perpendicular to the hexagonal
c-axis. (b�d) Dependence of the 2LO resonances on the incident polarization at the bandgap ofWZ and ZB GaAs as well as at
the light-hole to Γ7 conduction band transition in WZ GaAs. The absolute 2LO intensities at the corresponding resonance
maxima are plotted in the graphs. The orientation of the nanowire with respect to the polarization direction is shown
schematically.
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with me , mh the intensity of the multi-LO-phonon
scattered light decreases monotonically with increas-
ing order,45 in clear agreement with what we observe
for WZ GaAs in Figure 1b. In views of all the arguments
exposed here above, we assign the strong 2LO reso-
nance at the band gap of WZ GaAs to the transition
from the heavy-hole valence band to a conduction
bandminimumwith low effective electronmass, which
is the conduction band with Γ7 symmetry. One should
note here that while the value of the bandgap is in
good agreement with the theoretical results from De
and Pryor, the nature of the minimum conduction
band is not.32 Further studies are needed for under-
standing the nature of this discrepancy.
To summarize, we have obtained the following

picture of the electronic band structure in WZ GaAs.
As depicted in Figure 6, the energies of the free exciton
at the heavy-hole (“A exciton”), light-hole (“B exciton”),
and crystal-field split-off (“C exciton”) valence band are
found to be 1.517, 1.620, and 1.982 eV,34 respectively.
We find the lowest conduction band exhibits Γ7 sym-
metry. Finally, it is possible to extract the spin�orbit
splitting Δso and crystal-field-splitting Δcr using the
quasicubic approximation:46

E1 � E2, 3 ¼ 1
2

Δcr þΔso-

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(ΔcrþΔso)

2 � 8
3
ΔcrΔso

r !

(2)

By applying eq 2 to our experimental results we
obtain values ofΔso = 0.379 eV andΔcr = 0.189 eV. The
value of the spin�orbit splitting is in very good agree-
ment with the predictions of De and Pryor (Δso = 0.351
eV). However, the crystal field spitting is smaller than
the value they predicted (Δcr = 0.244 eV).32 Meanwhile
our experimental value for the crystal field splitting is
larger than the value of Δcr = 0.122 eV predicted in the
pioneering theoretical work of Murayama and Naka-
yama.33 The deviations might be because they assume
an ideal WZ structure in their calculations. The experi-
mental value could be altered due to quantum con-
finement effects or the presence of strain, though small
for this type of nanowires.35,47 In contrast, our value is
in excellent agreement with most recent calculations

of Cheiwchanchamnangij and Lambrecht.48 Within
the GW approximation they obtained values of Δcr =
0.186 eV using the LDA lattice constants and Δcr =
0.180 eV using experimental data for the lattice
volume.

CONCLUSION

We have shown that resonant Raman spectroscopy
is a powerful tool to determine the electronic band
structure in novel materials which may only exist on
the nanoscale. By applying this technique to wurtzite
GaAs nanowires, wemeasured the position of the three
valence bands and the fundamental band gap. We find
equal energies for the free exciton at the wurtzite and
the zinc-blende band gap within our experimental
error. Our experiments also indicate that the conduc-
tion bandminimum inwurtzite GaAs is ofΓ7 symmetry.
These results have strong implications for the future
use of wurtzite GaAs nanowires for optoelectronic
applications.

EXPERIMENTAL MATERIALS AND METHODS
Nanowire Growth. The nanowires were grown on the native

oxide of an undoped Si (111) wafer in a gallium-assisted process
by molecular beam epitaxy using a DCA P600 MBE machine.49�51

To obtain the sequence of ZB and WZ, we varied the As4 flux
during growth.21,52 We first started the growth for 1 h under our
standard conditions that lead to stacking-fault free ZB GaAs
nanowires, that is to say a gallium partial pressure of 6.17 �
10�8 Torr, an arsenic partial pressure of 2 � 10�6 Torr, and a
temperature of 630 �C. Then, we consecutively decreased the
V/III ratio from 32.4 to 6.9. for 1, 5, and 30 min. In between, the

growth was continued each time for 30 min at the initial V/III
ratio. As a result, we obtained a preferential growth of WZ GaAs
at the tip of the nanowires.52

Characterization. Raman scattering experiments were per-
formed in backscattering geometry on single nanowires at
10 K using a tunable titanium�sapphire laser as excitation
source. The light was focused on the sample by a diffraction
limited spot of <1 μm with an objective of N.A. = 0.75. A triple
spectrometer was used in order to separate the weak Raman
scattered light from the intense Rayleigh scattered light. The
signal was collected in a multichannel charged-coupled device.

Figure 6. Band structure at theΓpoint ofWZGaAs deduced
from resonant Raman spectroscopy.
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