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Polarization-dependent Raman scattering experiments realized on single GaAs nanowires with different
percentages of zinc-blende and wurtzite structure are presented. The selection rules for the special case of
nanowires are found and discussed. In the case of zinc-blende, the transversal optical mode E1 �TO� at
267 cm−1 exhibits the highest intensity when the incident and analyzed polarization are parallel to the nano-
wire axis. This is a consequence of the nanowire geometry and dielectric mismatch with the environment, and
in quite good agreement with the Raman selection rules. We also find a consistent splitting of 1 cm−1 of the E1

�TO�. The transversal optical mode related to the wurtzite structure, E2
H, is measured between 254 and

256 cm−1, depending on the wurtzite content. The azimuthal dependence of E2
H indicates that the mode is

excited with the highest efficiency when the incident and analyzed polarization are perpendicular to the
nanowire axis, in agreement with the selection rules. The presence of strain between wurtzite and zinc-blende
is analyzed by the relative shift of the E1 �TO� and E2

H modes. Finally, the influence of the surface roughness
in the intensity of the longitudinal optical mode on �110� facets is presented.

DOI: 10.1103/PhysRevB.80.245324 PACS number�s�: 68.55.ag

I. INTRODUCTION

Nanowires are filamentary crystals with a large aspect ra-
tio and diameters in the range of few to several tens of na-
nometers. Due to their small diameters, large surface-to-
volume ratios, and novel electronic and optical properties,
nanowires are objects of intense study in fundamental
science.1–5 One of the consequences related to the large
surface-to-volume ratio is the crystallization of nanowires in
crystalline structures that are not stable in the bulk form.6–11

In the case of nanowires pertaining to the arsenides and
phosphides, it is very common to find rotational twins along
with polytypism between wurtzite and zinc-blende struc-
tures. Wurtzite is not stable in the bulk form of these com-
pounds. The occurrence of this phase as one of the main
crystalline structure of arsenide and phosphide nanowires has
been discussed by several authors. From the thermodynamic
point of view, the surface energy of �1100� wurtzite planes
should be lower than the �110� and �111�A /B of zinc
blende.12 This means that for small radii nanowires, the
wurtzite phase should be more stable than the zinc blende. In
the case of GaAs, the critical radius, under which wurtzite is
expected to be the most stable phase has been predicted to lie
between 5 and 25.5 nm.13,14

Raman scattering, or more generally inelastic light scat-
tering is a standard nondestructive contactless characteriza-
tion technique of materials, which allows to access mainly
the phonon modes at the � point and in some cases to the
dispersion.15–17 Raman spectroscopy can be realized by using
a confocal microscope, thereby obtaining lateral submicron
resolutions of the properties of a material. It has been devel-
oped to be a versatile tool for the characterization of semi-

conductors leading to detailed information on crystal struc-
ture, phonon dispersion, electronic states, composition, strain
and so on of semiconductor nanostructures or
nanowires.18–26 More recently Raman spectroscopy has been
used extensively to study also nanowires and quantum
dots.27,28 Several phenomena have been reported to date with
respect to one-dimensional structures. Polarization depen-
dent confocal Raman spectroscopy on single carbon nano-
tubes and/or nanowires indicates that the physics behind Ra-
man scattering of such one-dimensional nanostructures can
differ significantly from the bulk. Indeed, the highly aniso-
tropic shape of the nanowires can lead to angular dependen-
cies of the modes, which otherwise would not be expected
from the selection rules.29–31 Additionally, modes such as
the ones associated with surface phonons have been
detected.32–35

In this work, scanning Raman spectroscopy is performed
on GaAs nanowires with zinc-blende and wurtzite structures.
The paper is structured as follows: after presenting theoreti-
cal considerations on the phonon dispersion and selection
rules for both structures in Sec. II, the experimental details
concerning the polarization dependent Raman spectroscopy
are presented in Sec. III. In Secs. IV and V the selection
rules, effect of strain and surface roughness on the Raman
spectra are discussed. Finally, a conclusion is given in
Sec. VI.

II. THEORETICAL CONSIDERATIONS ON THE RAMAN
SCATTERING OF ZINC-BLENDE AND WURTZITE

GaAs

In Raman scattering experiments the scattering intensities
can be calculated from the Raman tensor which depends on
the crystal symmetry:
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Is � � �e�i · R · e�s�2, �1�

where R is the Raman tensor and e�i and e�s are the polariza-
tion of the incoming and scattered light respectively. In zinc-
blende GaAs the TO and LO modes are split at k=0 due to
the polar nature of the crystal. The so-called E1 �TO� mode is
allowed in backscattering from the �110� and �111� surfaces
while the A1 �LO� mode is allowed in backscattering from
�100� and �111� surfaces, respectively.

For the calculation of the selection rules the standard base
is not appropriate, as one has to consider the crystal structure
and morphology of the nanowire. The logical set of axes

correspond to the directions x= �01̄1�, y= �211�, and z

= �1̄11�. A schematic drawing of a reference GaAs sample
prepared for the backscattering measurements under this axis
system is shown in Fig. 1�a�. The reference axes x, y, and z
are schematized in the figure. The x axis corresponds to the

direction of incident and scattered light �01̄1�, while y and z
are the in plane axes perpendicular and parallel to the nano-

wire axis, respectively, �211� and �1̄11�. The values of the
Raman tensor for the transversal modes in that configuration
for incident light along the x axis are
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After transformation of the Raman tensor into the basis, the
selection rules are obtained by calculating the scattering
cross section using Eq. �1�.36 The predicted intensity of the
scattered light polarized parallel or perpendicular to the

�1̄11� direction, Is� � � and Is�� �, as a function of the angle �

of the incident polarization with respect to the �1̄11� axis is
plotted in Fig. 1�c�. The maximum in Is� � � is obtained for an
angle of the incident polarization of −20°, while for Is�� � it

is obtained for 70° with respect to the �1̄11� direction. Polar-
ization dependent Raman scattering measurements were re-
alized on a reference GaAs with the configuration described
above. A parallel polarized Raman spectrum from a bulk

GaAs �01̄1� in backscattering geometry, obtained using ex-

citing light polarized along the �1̄11� direction is shown in
Fig. 1�b�. The spectrum is composed by the E1 �TO� phonon
mode at 267.2 cm−1, as expected. The peak exhibits a full
width at half maximum �FWHM� of 2.8 cm−1, indicating the
high-crystal quality. The azimuthal dependence of the scat-
tered light is plotted in Fig. 1�d�. The experimental curve is
very similar to the theoretical prediction. We notice a shift in
the intensity maxima of about 10°, which we attribute to
experimental error due to the limited accuracy in aligning the
polarization of the exciting light with the crystallographic

�1̄11� direction.
Wurtzite GaAs is not stable in the bulk form. It is found

under special conditions such as high pressures and in the
nanoscale form such as nanoparticles and nanowires.37–42 To
our knowledge, the phonon spectrum of wurtzite GaAs has
not been calculated or measured yet. As it has been shown in
the case of GaN and SiC, the main characteristics of the
phonon dispersion of wurtzite GaAs can be deduced in an
approximated way thanks to the straight forward relation be-
tween the two structures.43,44 From the crystallographic point
of view, zinc-blende and wurtzite structures differ only in the
stacking periodicity of the Ga-As bilayers parallel to the
�111�ZB / �0001�WZ oriented planes. For illustration, a sche-
matic representation of the crystalline structure of zinc-
blende and wurtzite structures is given in Figs. 2�a� and 2�b�.
The notation “a,” “b,” and “ c” denotes the position of the
Ga-As pairs in the �111�ZB / �0001�WZ planes. The stacking

FIG. 1. �Color online� �a� Crystal facets of the reference used
for the measurement of the selection rules in GaAs. The axis cor-

respond to the crystallographic directions: x= �01̄1�, y= �211�, and

z= �1̄11�. �b� Parallel polarized Raman spectrum from a bulk GaAs

�01̄1� in backscattering geometry, obtained using exciting light po-

larized along the �1̄11� direction. �c� Theoretical azimuthal depen-

dence of the TO mode of a bulk GaAs �01̄1�, as in �a�. Continuous

and dashed lines represent the components along the �1̄11� � � � and
�211� �� � of the Raman signal, respectively. �d� Measured azi-

muthal dependence of the TO mode of a bulk GaAs �01̄1�. Spheres

and open squares represent the components along the �1̄11� � � � and
�211� �� � of the Raman signal, respectively. The continuous line is
a fit to the data with a squared sine function, which describes dipo-
lar behavior.
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order is “abcabc” for zinc blende and “abab” for wurtzite.45

As the unit cell length of wurtzite along the �0001� axis is
double with respect to the zinc blende along the �111�, the
phonon dispersion can be approximated by folding the one
for the zinc-blende structure along the �111� direction ��
→L�. This operation is represented schematically in Fig.
2�c�. As a consequence of the folding for the case of wurtz-
ite, four new modes appear at the � point of the Brillouin
zone. The folded modes are indicated with dashed lines in
Fig. 2. Group theory also predicts eight phonon normal
modes at the � point and which modes are infrared and/or
Raman active. In Table I, the results of these considerations
are presented. The notation used in the table is the standard
Raman notation and it can be understood as follows: outside
the bracket, the symbols show respectively from left to right
the direction of incident and scattered light. Inside the
bracket, they give from left to right the polarization direction
of the incident and scattered light, respectively. We use the
equivalent axes which were used in the case of zinc-blende.46

The directions of the x, y, and z axes correspond, respec-

tively, to the crystallographic directions �112̄0�, �11̄00�, and
�0001�. In Table I, the expected energies of the wurtzite
modes at the � point are given. From the six modes, the two
B1 are silent modes nonobservable by neither Raman nor
infrared spectroscopy. The other four modes are Raman ac-
tive and two of them infrared active at the same time −A1
�LO� and E1 �TO�. In conclusion, four modes should be ob-
servable by Raman spectroscopy of wurtzite GaAs: �1� two
already existing in zinc blende: A1 �LO� and E1 �TO� and �2�
two specific from the wurtzite phase: E2

H and E2
L at 259 and

59 cm−1, respectively. Finally, there is an additional effect
that one should consider to describe precisely the phonon
dispersion of wurtzite GaAs. Indeed, due to the anisotropy of
the atomic bonds along or in the perpendicular direction of
the c axis, the E1 and A1 modes may mix, giving rise to two
apparent new modes E1 �LO� and A1 �TO�.47,48 To our
knowledge, the exact position for GaAs has not been pre-
dicted or measured.

III. EXPERIMENTAL

Gallium arsenide nanowires were grown by molecular
beam epitaxy by the gallium assisted method, which avoids
the use of gold as a catalyst, as described elsewhere.49,50 The
growth precursors are atomic gallium and As4 molecules.
Gallium forms droplets at the surface and drives the nucle-
ation of the nanowires. The growth rate of the nanowire is
given by the As4 flux.50 The samples presented in this paper
have been obtained at arsenic pressures between 3�10−6 and
3�10−7 mbar, which represent growth rates, respectively,
between 3 and 0.3 �m /h. We have shown in the past that a
reduction in the growth rate results in an increase in the
fraction of wurtzite in the nanowire.51

The structure of the nanowires was studied by high-
resolution transmission electron microscopy �HRTEM� in a
Philips/FEI CM 300. Samples were prepared as follows for
the transmission electron microscopy �TEM� measurements.
First, they were mechanically removed from the substrate
with a razor blade and diluted in a hexane suspension. A drop
was then deposited on a holey carbon copper grid. Before
introducing the sample into the microscope, it was cleaned in

FIG. 2. �Color online� Schematic drawing of the atomic arrange-
ment in �a� zinc-blende and �b� wurtzite structures, where the ar-

rows indicate the �11̄1� and the �0001� nanowire growth axes, re-
spectively. �c� Schematic representation of the phonon dispersion in
GaAs. Phonon branches along �111� in the zinc-blende structure are
folded to approximate those of wurtzite structure along �0001� �d�
Unit cell for the wurtzite structure. Point A corresponds to the edge
of the first Brillouin zone in the direction �0001�.

TABLE I. Phonon modes in wurtzite GaAs. The activity in Raman and/or infrared absorption measure-
ments is indicated, as well as the configurations for which Raman measurements are possible.

Mode
Position
�cm−1� Active Configuration

A1 �LO� 291 Raman, infrared z�y ,y�z̄
A1 �TO� Not known Raman, infrared x�y ,y�x̄, x�z ,z�x̄
B1

H 234 Silent mode

E2
H 259 Raman x�y ,y�x̄, x�y ,y�z̄, z�y ,x�z̄, z�y ,y�z̄

E1
H �TO� 267 Raman, infrared x�z ,y�x̄, x�y ,z�y

E1
H �LO� Not known Raman, infrared x�y ,z�y

B1
L 206 Silent mode

E2
L 59 Raman x�y ,y�x̄, x�y ,y�z̄, z�y ,x�z̄, z�y ,y�z̄
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a plasma cleaner for 15 s in order to remove any organic
surface contaminants.

Raman spectroscopy was realized in the backscattering
configuration on single GaAs nanowires transferred on to a
silicon substrate. Prior to the measurements, the nanowires
were located by imaging the surface with a charge-coupled
device. The 514.5 nm line of an Ar+ laser was used for ex-
citation. The power of the incident light was about 200 �W
�equivalent to 70 kW /cm2�. Special care was taken to en-
sure that the nanowires were not heated.30,52 A series of mea-
surements with increasing the excitation power was realized
in order to choose the excitation regime, which was well
below to the threshold under which heating effects were ob-
served. The scattered light was collected by an XY Raman-
Dilor triple spectrometer with a multichannel charge couple
device detector. The sample was positioned on a XY pi-
ezostage, which allowed the scanning of the surface �and
therefore of the nanowire� with a precision of 10 nm. The
polarization dependent measurements were realized as fol-
lows. First, the incoming light passes through a � /2 plate so
that its polarization ei can be rotated by an angle �. After
passing through a beam splitter �50:50�, it is focused on the
nanowire with a 100� objective �0.95 numerical aperture�.
The polarization of the scattered light es is analyzed by mea-
suring the intensity of the two components �parallel or per-
pendicular to the wire�. For this, a second polarizer is used.
The efficiency of the spectrometer depends on the polariza-
tion of the incoming light and is higher when it is perpen-
dicular to the slit. In order to avoid artifacts linked to this, a
� /2 plate at the entrance of the spectrometer was added in
order to flip the polarization of the light into the most effi-
cient direction. A schematic drawing of the setup and the
configuration used for the measurements on the nanowires is
shown in Fig. 3. In order to obtain the phonon peak position,

width and intensity, all measured spectra were fitted in the
200–300 cm−1 frequency range with the sum of Lorentzians
and a background contribution.

IV. RESULTS

Two types of nanowires were investigated. The first
sample consists of GaAs nanowires with 100% zinc-blende
structure. The second type of nanowires corresponds to
GaAs with 30% wurtzite phase.51 The results are presented
separately in the next two sections.

A. Zinc-blende GaAs nanowires

GaAs nanowires with 100% zinc-blende structure were
obtained by growing them at a growth rate of about 3 �m /h,
as published elsewhere.53 Representative HRTEM measure-
ments of these nanowires are presented in Fig. 4, where a
bright field TEM image is shown. Stripes with different con-
trast are observed along the nanowires. Careful analysis in-
dicates that those correspond to the presence of twins per-
pendicular to the growth axis. A detail of such defect is
presented in Fig. 4�b�. Each side of the twin corresponds to
�110� and �011� facets,54,55 the growth axis remains parallel

to the �111�B direction—or equivalently �1̄11�, C spot in
Fig. 4�c�.

The nanowires exhibit a hexagonal section, with facets of

the �110� family and a growth axis along the �1̄11� direction.
Raman spectroscopy measurements were realized on nano-
wires transferred on a silicon substrate, so that the flat facet
of the family �110� is perpendicular to the incident light, as
schematized in Fig. 3. This means that the incident and scat-

tered light are parallel to the �01̄1� axis and the polarization

is in the plane defined by the �1̄11� and �211� axes.
We start by presenting the measurements on a reference

sample. One of the objectives of this study is to determine
the selection rules of zinc-blende and wurtzite GaAs in the
nanowire geometry. In order to distinguish between the ef-
fect of the crystalline structure and the nanowire anisotropy,
we start by performing the experiments with zinc-blende
GaAs in the bulk and nanowire form. The reference sample

consists of a �1̄11� oriented GaAs wafer cleaved along the

�01̄1� facet. The measurements on the reference sample are

FIG. 3. �Color online� Sketch of the experimental setup and the
configurations used for the measurement of GaAs nanowires in
backscattering geometry. The crystal facets of the nanowire and the

corresponding set of axis used as indicated: x= �01̄1�, y= �211�, and

z= �1̄11�.

FIG. 4. �Color online� �a� BF image of a GaAs nanowire grown
under conditions where 100% zinc blende is obtained. �b� HRTEM
of a twin in the zinc-blende structure �c� power spectrum of the
twined region. The different spots can be identified with the two
regions of the twin. The facets on axis are identified by �110� and
�011�.
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presented in Figs. 1�b� and 1�d�. The spectrum is composed
by one unique phonon mode −E1 �TO� at 267.2 cm−1 as
expected from the selection rules discussed in Sec. II.

The configuration used for the bulk sample—shown in
Fig. 1�a�—is equivalent to the one used for the nanowires –
shown in Fig. 3. This enables us to compare the polarization
dependence between the two samples. The Raman intensity
seen in a scan along the nanowire axis is presented in Fig.
5�a�. This measurement has been realized by exciting with
the polarization of incident light along the nanowire axis.
The Raman scattering spectrum is composed mainly by the

E1 �TO� mode at 266.7 cm−1, slightly lower than for the
reference sample. The A1 �LO� is not observed, as it is for-
bidden in backscattering geometry for surfaces of the family
�110�. The spectrum is homogeneous along the nanowire. A
slight intensity decrease is observed. This is an artifact of the
measurement. The scan direction is not exactly parallel to the
nanowire axis, therefore the nanowire gradually moves out
of the measuring spot during the scan and the intensity de-
creases. The Raman spectra of a nanowire and the bulk ref-

erence sample—GaAs �01̄1�—are compared in Fig. 5�b�.
The measurements have been taken under the configuration
x�z ,z�x̄, meaning that the exciting and scattered light are po-

larized along the �1̄11� direction, the nanowire growth axis.
Both spectra have been normalized with respect to the inten-
sity of the TO mode as absolute intensities cannot be com-
pared easily. The TO peak of the nanowires has a FWHM of
4.8 cm−1, about 2 cm−1 larger than the reference sample.
This value indicates still an excellent crystal quality for the
nanowires. The broadening of the peak with respect to the
reference can be attributed to the presence of the twins,
which introduce some disorder in the crystal structure.

The azimuthal dependence of the Raman scattering is
shown in Fig. 5�c�. There, the intensity of the scattered light
parallel and perpendicular to the nanowire axis −Is� � � and
Is�� �- as a function of the angle of the incident light polar-

ization with respect to the �1̄11� direction is plotted. In the
measuring configuration x�� ,z�x̄, the maximum intensity is
obtained for x�z ,z�x̄: when incident and analyzed polariza-
tion are parallel. Some experimental points slightly deviate
from the trend. We attribute it to an experimental artifact.56

In the measuring configuration x�� ,y�x̄, there is no preferen-
tial value of � giving a maximum scattering intensity. The
scattered light polarized along the �211� direction, namely,
perpendicular to the wire, has a drop in the intensity by about
a factor 6. We note that this effect is not observed for the
reference sample, indicating that the selection rules in this
case are altered. As it will be discussed in the following, we
believe that this is most probably due to the one-dimensional
geometry of the sample.

B. Nanowires with 30% wurtzite content

GaAs nanowires with 30% wurtzite structure were syn-
thesized using lower growth rates.51 Representative HRTEM
measurements of these nanowires are presented in Fig. 6,
where a bright field TEM image is shown. The average
length of the nanowires is about 3 �m. From the structural
point of view, it presents two distinctly different regions—
labeled A and B in Fig. 6�a�. Region A is formed by nearly
100% wurtzite, as indicated by the analysis of the corre-
sponding power spectrum of Fig. 6�f�. Region B is domi-
nated by the zinc-blende phase, and only in a narrow region
close to region A, a mixture of the zinc blende and wurtzite
is observed. Further away from region A, the density of the
zinc-blende twins decreases.

Polarization dependent Raman spectra have been mea-
sured along the nanowire with a spacing of 100 nm. The
polarization dependence of the Raman scattering was char-
acterized by measuring both the azimuthal dependence of the

FIG. 5. �Color online� �a� Raman scan from a nanowire crystal-
lized in ZB structure, obtained using exciting light polarized along
the nanowire axis. �b� Parallel polarized Raman spectra from a bulk

GaAs �01̄1� and a GaAs nanowire crystallized in the ZB structure.
For both measurements the exciting and scattered light are polar-
ized along the �−111� direction. The spectrum of the nanowire is
shifted vertically in order to make the comparison easier. �c� Azi-
muthal dependence of the TO mode related to the ZB structure in
the nanowire. Spheres and open squares represent the parallel and
perpendicular components of the Raman signal collected with re-
spect to the nanowire axis, respectively. The continuous line is a
squared sine fit to the data.
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Raman scattering and the spatial dependence along the nano-
wire under the four main configurations—consisting of the
incident and analyzed polarization being parallel or perpen-
dicular to the nanowire axis z. Such measurements were
taken along the whole length of the nanowire. An overview
of the measurements realized under the four main polariza-
tion configurations is presented in Fig. 7 as color coded map-
ping scan. The scans can be divided into three different re-
gions, presenting different features. In the lower part of the

scan the E1
H �TO� mode is observed at 266.7 cm−1, as ex-

pected. Furthermore, the A1 �LO� mode at 290.9 cm−1 is
present with weaker intensity. It is worth to note again that
this mode is not allowed for the backscattering configuration
on �110� family surfaces. The upper part of the nanowire is
characterized by the presence of a further peak at about
256 cm−1, which corresponds to the E2

H mode from the
wurtzite GaAs phase. The E1

H �TO� mode is also observed.
The E2

H mode is found at the upper 2.2 �m of the nanowire,
the intensity decreasing toward the middle. The intensity
evolution corresponds well with the percentage of wurtzite
phase in the nanowire. As shown by the HRTEM analysis
along the nanowire, the top part is composed mainly of
wurtzite �98%�. Then, toward the middle of the nanowire,
there starts to be a mixture between wurtzite and zinc blende.
Zinc blende becomes dominant at the end of the nanowire.
The middle part of the scan, which extends about 1 �m,
presents mainly just the E1 �TO� mode, showing typical fea-
tures of zinc-blende structure. In the following, we first de-
scribe the characteristics of the spectra in the middle part of
the nanowire. For clarity, we have marked the position in
Fig. 7�a�. In Fig. 8�a�, we present the Raman spectra ob-
tained under the four main polarization configurations. For
comparison, in Fig. 8�b�, we present the equivalent measure-
ments realized on a nanowire consisting of 100% zinc-
blende structure, already described in the previous section.
The corresponding peak positions and FWHM are listed in
Table II. The spectra taken under x�y ,z�x̄ configuration have
been normalized and the others are plotted with the relative
intensities with respect to the first one. Both samples show a
strong E1 �TO� mode under the x�z ,z�x̄ configuration. The A1
�LO� mode is only weakly present in the spectra collected
from the nanowire with 30% wurtzite. The variation in the
scattered intensity as a function of the polarization configu-
ration is significantly different between the two samples. As
already discussed above, the intensity of the E1 �TO� mode
for zinc-blende nanowire exhibits a drastic drop in the case
where the exciting light is perpendicularly polarized. Inter-
estingly, all the spectra collected from the nanowire present-
ing 30% of wurtzite structure exhibit a relatively intense E1

FIG. 6. �Color online� �a� BF image of a GaAs nanowire grown
under conditions where 30% wurtzite structure is obtained. �b�
and �c� Region of multitwinned zinc-blende in the region B. �d�
Bright field TEM image of the tip of region A. �e� HRTEM in the
selected square of �d�. �f� Power spectrum of the region marked
with a square in �e�, which allows the identification of the crystal-
line structure of this region to be wurtzite, where spots C, A1, A2,

and A3 correspond to �0001�, �11̄00�, �11̄01�, and �11̄02� planes,
respectively.

FIG. 7. �Color online� Perpendicularly and parallel polarized
Raman scans from a nanowire consisting of 30% wurtzite structure,
obtained using different polarization directions of the incident light.
�a� Perpendicularly polarized Raman scan from perpendicularly po-
larized incident light: x�y ,y�x̄. �b� Parallel polarized Raman from
perpendicularly polarized incident light: x�y ,z�x̄. �c� Perpendicu-
larly polarized Raman scan from parallel polarized incident light:
x�z ,y�x̄. �d� Parallel polarized Raman scan from parallel polarized
incident light: x�z ,z�x̄.

FIG. 8. �Color online� A series of parallel and perpendicularly
polarized Raman spectra obtained using exciting light polarized
parallel and perpendicularly to the nanowire axis, from �a� the zinc-
blende rich segment of a nanowire with 30% of wurtzite structure
and �b� a nanowire with 100% zinc-blende structure. The spectra
have been shifted vertically. The relative intensities of the spectra
obtained for the same sample in different scattering configurations
can be compared directly.
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�TO� mode, with a much weaker dependence on polarization.
This phenomenon may be explained by the presence of the
high density of twins and a mixture between the wurtzite and
zinc-blende structures. Indeed, the E1 �TO� mode in the
wurtzite structure is allowed for crossed polarization from
the selection rules, as given in Table I. The FWHM of the E1
�TO� mode measured under the configuration x�z ,z�x̄ for the
sample presenting 30% of wurtzite structure is 3.7 cm−1, and
thus, one cm−1 smaller compared to the spectra obtained
from the nanowire consisting of 100% zinc-blende structure.
The reason for this is still not yet clear. It may be related to
the different size of the nanowire.

As shown in the Raman scans presented in Fig. 7, the E2
H

mode, which is clearly visible only in the upper part of the
wire, appears with the highest intensity in x�y ,y�x̄ configu-
ration where the incident and analyzed polarizations are per-
pendicular to z. This is in good agreement with the selection
rules summarized in Table I. On the contrary, the E1 �TO�
mode shows much less selectivity, being observed for all
polarizations. The intensity of E1 �TO� is highest when the
incident and analyzed polarization are parallel, especially
when they are parallel to the z axis. This is consistent with
what we have observed for the E1 �TO� mode in pure zinc-
blende nanowire.

In order to obtain a clearer understanding on the selection
rules in nanowires containing wurtzite inclusions, the azi-
muthal dependence of the Raman scattering was measured in
a region of a nanowire where wurtzite was majority. The
azimuthal dependence is shown both for detected polariza-
tions parallel and perpendicular to the z axis in Fig. 9. As in
the case of zinc-blende nanowires, the E1 �TO� mode is po-
larized along the axis of the nanowire. Interestingly, also
Is�� � seems to have a higher intensity when the incident
light is polarized along the nanowire axis. The ratio of inten-
sity between Is� � � and Is�� � is about 5. The azimuthal de-
pendence of the E2

H mode associated with the wurtzite phase
exhibits a quite different behavior. Indeed, in this case the

maximum intensity of the scattered light is observed when
the incident light is perpendicular to the nanowire axis, both
for Is� � � and Is�� �—though for the latter the dependence is
less clear due to the low intensity. Also, the “forbidden” A1
�LO� mode is observed in some cases. Due to the low inten-
sity, the polarization dependence of this mode could not be
determined with high enough accuracy. The possible origin
of this mode will be discussed in Sec. V C.

V. DISCUSSION

A. Raman selection rules for nanowires

The azimuthal dependence of the Raman scattering in sec-
tions of the nanowire with zinc-blende structure demonstrate

TABLE II. Position and linewidth of E1 and E2 peaks for the
bulk reference sample, nanowires �Nw� with 100% zinc-blende
structure �ZB�, 30% wurtzite in the region with a majority of zinc
blende �ZB� and in the region with a majority of wurtzite �WZ�.

Mode Sample
Position
�cm−1�

FWHM
�cm−1� Configuration

E1�TO� Bulk GaAs �0–11� 267.2 2.8 x�z ,z�x̄
E1 �TO� Nw 100% ZB 266.7 4.8 x�z ,z�x̄
E1 �TO� Nw 30% WZ �ZB� 267.1 3.7 x�z ,z�x̄
E1 �TO� Nw 30% WZ �ZB� 267.2 4.1 x�y ,z�x̄
E1 �TO� Nw 30% WZ �ZB� 266.9 3.7 x�y ,z�x̄
E1 �TO� Nw 30% WZ �ZB� 267 3.8 x�y ,y�x̄
E1 �TO� Nw 30% WZ �WZ� 264.9 5.9 x�z ,z�x̄
E1 �TO� Nw 30% WZ �WZ� 267 4.6 x�y ,z�x̄
E1 �TO� Nw 30% WZ �WZ� 265.8 5.5 x�z ,y�x̄
E1 �TO� Nw 30% WZ �WZ� 266.2 5.2 x�y ,y�x̄
E2

H�TO� Nw 30% WZ �WZ� 256.1 4 x�y ,y�x̄
E2

H�TO� Nw 30% WZ �WZ� 255.9 4.9 x�z ,y�x̄

FIG. 9. �Color online� �a� Azimuthal dependence of the E1 �TO�
mode. �b� Azimuthal dependence of the E2

H mode, related to the
wurtzite structure. In both polar plots, spheres and open squares
represent the parallel and perpendicular components of the Raman
signal collected, respectively and the continuous line is a squared
sine fit to the data. �c� Representative Raman spectra realized under
the main four configurations. For better illustration, the spectra have
been normalized and shifted vertically. All spectra have been real-
ized in the same position of the nanowire.
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a tendency for the modes to be more efficiently excited for
parallel polarization. We find that the intensity of the scat-
tered modes is much higher in the case of emission with
polarization parallel to the nanowire axis. As it was shown in
Sec. II, these two characteristics are different from what is
expected in zinc-blende GaAs. Polarization dependent Ra-
man studies on single GaP nanowire have demonstrated that
nanowires present a dipolar or multipolar behavior as a func-
tion of the diameter.57 The origin of this effect has been
attributed to the scattering of the electromagnetic field from a
dielectric cylinder of nanoscale dimensions. In the case of
nanowires with a diameter d��laser /4, the electric field in-
side the nanowire is enhanced when the electric field of the
excitation is either parallel or perpendicular to the nanowire
axis. Instead, for diameters d��laser /4, the electric field in-
side the nanowire is strongly suppressed when the electric
field of the excitation is perpendicular to the nanowire axis.
Furthermore, experiments on silicon nanocones showed that
the enhancement in the Raman scattering, due to the en-
hanced internal field, decreases with the nanowires diameter
and increases with the wavelength of the excitation, features
which suggest a resonant nature.31 This is consistent with
photoluminescence �PL� experiments. Indeed, it is observed
that the light is preferentially absorbed when the incident
light is polarized along the nanowire axis.58 One distinct fea-
ture of nanowires embedded in an environment with a differ-
ent dielectric constant is, that both absorption and emission
for different polarizations of the light depend strongly on its
frequency and the nanowire radius. This is due to image
forces building up at the interface between the nanowire and
its surrounding. Indeed, it has been shown that the field dis-
tribution is nonuniform inside the nanowire.59 Absorption is
not governed by the details of this field distribution, but by
the total power absorbed, which is proportional to the light
intensity integrated over the nanowire cross section. The re-
sult is that the polarization ratio will depend on the diameter
of the nanowire. For the diameters measured in this paper,
the polarization dependence of the absorption should oscil-
late between 60% and 90%.60 In the case of wurtzite arsenide
or phosphide nanowires, luminescence tends to be polarized
perpendicularly to the nanowire axis. This is due to the sym-
metry of band structure, in which the recombination of
electron-hole pairs is only allowed for an electric field per-
pendicular to the c axis of the nanowire.61,62 Still, the dielec-
tric contrast with the environment modulates the polarization
dependence rendering it smaller.

Finally, we comment on the possible splitting of the TO
and LO modes, giving rise to E1 �LO� and A1 �TO� modes. In
cases where the splitting is very small, it is manifested by an
asymmetrical broadening of the peaks in measurements
where the polarization is not defined.63 For polarization de-
pendent Raman scattering, the two split modes should be
present independently for parallel and perpendicular polar-
ization. We have seen that the position of the E1 �TO� mode
depends on the analyzed polarization. This can be seen for
example in Fig. 9�c� and Table II, where spectra and peak
positions with different polarization configurations are
shown. For the configurations x�y ,z�x̄ and x�z ,z�x̄, we find
consistently in all measurements the E1 �TO� peak respec-
tively at 267 and 265 cm−1. This difference in the peak po-

sition occurs only in sections where wurtzite is present—for
100% zinc-blende nanowires it is not observed. In the case of
the E2

H mode, the splitting seems to be more important:
about 4 cm−1. No clear polarization dependence is found for
the position of the A1 mode. Two effects could explain the
splitting: �i� the splitting of the E1 �TO� and A1 �LO� modes
leading to the modes E1 �LO� and A1 �TO� and/or �ii� that the
position of the E1 �TO� mode is not the same for the wurtzite
and zinc-blende structure. A more detailed study on the split-
ting as a function of the nanowire crystal structure, strain,
diameter and length is currently under way.

In conclusion, the selection rules of wurtzite and zinc-
blende GaAs nanowires are dominated by the nanowire ge-
ometry and the symmetry of the electron-hole absorption.
Moreover, uniquely in the nanowire regions where wurtzite
is present, the E1 �TO� mode presents a polarization depen-
dent splitting of 2 cm−1.

B. Effect of strain in the peak position

So far we have not considered the possible existence of
strain in nanowires of wurtzite/zinc-blende structures. It is
known that wurtzite exhibits a slightly larger lattice param-
eter than zinc-blende.64 Raman spectroscopy is a simple
technique to obtain information about local strain in materi-
als, as built-in strain leads to a characteristic shift of the
phonon frequency.65,66 By realizing spatially resolved Raman
spectroscopy, variations of the strain along the nanowire can
be measured. Such variations should occur if the relative
percentage of the two phases changes. Indeed, in regions
where wurtzite dominates, the zinc-blende sections should be
under tensile strain. Along the same line, wurtzite should be
compressively strained in regions with mainly zinc-blende
phase. In Raman spectroscopy, the tensile/compressive
strains are characterized by a shift toward lower/higher wave
numbers.

A nanowire presenting a clear gradient in the percentage
of wurtzite and zinc blende was investigated. The gradient
was achieved by gradually changing the arsenic pressure dur-
ing growth.51 A representative bright field TEM micrograph
of the first 1.5 �m of such nanowire is presented in Fig. 10.
The percentage of wurtzite varies from 98% at one extreme
of the nanowire to 32% in the center and close to 0% after
the 1.5 �m shown. This represents a strong gradient in a
relatively short distance.

Spatially resolved Raman spectroscopy was realized on
this type of nanowires. The measurement realized in x�y ,y�x̄
configuration is presented in Fig. 11 in a waterfall plot. Three

FIG. 10. Bright field TEM measurement of the nanowire where
one observes both the wurtzite and zinc-blende crystal structures,
with a clear gradient of zinc-blende phase from left to right.
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peaks with changing intensity ratios are observed for all po-
sitions: E2

H, E1
H �TO�, and A1

H �LO�. As can be clearly seen,
the position of E2

H and E1
H �TO� shift along the scan. In

order to provide a more detailed analysis, we plot the peak
position, intensity ratio E2

H /E1
H �TO� and the FWHM of the

peaks E2
H and E1

H �TO� along the nanowire in Figs.
11�c�–11�e�. The data presented are given by the average of
the parameters extracted by the fits of spectra accumulated in
three consecutive positions. The highest ratio between E2

H

and E1
H �TO� is given at position 0.3 �m. This is in agree-

ment with the TEM micrograph in which a 100% wurtzite
section is found between 100 and 600 nm. At that point the
position of the peak E2

H is 254 cm−1, close to the value
expected for wurtzite GaAs. At that position, the FWHM of
E2

H is also the smallest, namely 4.5 cm−1. The E1 �TO�
mode is found at 265.6 cm−1 with a FWHM of 5.6 cm−1.
The downshift of the E1 �TO� corresponds to a tensile strain
of the zinc-blende structure, as expected. For positions away
from 0.3 �m, the ratio E2

H /E1
H �TO� decreases in agree-

ment with a gradual increase in the zinc-blende phase—as it
was observed by TEM. Along with this gradual increase in
zinc-blende, a shift of both the E2

H and E1
H �TO� modes

toward higher wave numbers appears. This shift to higher
wave numbers corresponds to a relaxation of the zinc-blende
structure, with a consequent shift of the corresponding peak
to its original value, and a compressive strain of the wurtzite
structure. At the position 0.7 �m the energy of the E1

H �TO�
mode has shifted to the expected value of 266.2 cm−1. The
percentage of zinc-blende at this position is about 68%. The
percentage of zinc-blende further increases along the nano-
wire toward 100%. The wurtzite peak E2 is still shifting and
it stabilizes at 1 �m. Consistently, we observe that the
FWHM is larger at the positions where the respective crys-
talline phase is under strain.

The maximum shift observed both from the E1 �TO� and
the E2 mode is about 4 cm−1. One should note that the two
modes are always shifted by the same amount, which is ex-

pected for small values of strain. The existence of strain in
wurtzite/zinc-blende structures is in agreement with the
slight difference in lattice constants of the two structures.64

This means that for zinc-blende rich nanowires the wurtzite
phases exhibit compressive strain �blue shift of the Raman
mode� while for wurtzite rich nanowires the zinc blende
phases are under tensile strain �red shift of the Raman
modes�. The existence of strain in singular heterostructures is
not expected to exist in nanowires.67 In this case the structure
is not a simple heterostructure, but a mixture between two
crystalline phases in which one of them is minority. In this
specific case, the existence of strain is to be expected.

C. Effect of surface roughness on the appearance
of A1 (LO) modes

Finally, we would like to comment on the measurement of
the A1

H �LO� mode at one end of the nanowire. For this, we
have systematically looked at the faceting of the nanowires
in the whole length. We present the example of the nano-
wires composed of 30% of wurtzite, where the intensity of
the A1

H �LO� mode is always higher at the tip of the nano-
wire where the percentage of zinc-blende phase is the high-
est. A representative HRTEM micrograph of this part of the
nanowire is presented in Fig. 12. The crystal structure is
zinc-blende with twins separated between 3 and 10 nm. In
the case where the twins are closer, one observes that the
facets of the nanowire are not of the family �110� anymore,
but �111�. The A1

H �LO� mode is allowed for backscattering
from �111�. We believe that the small �111� faceting at the
end of the nanowire leads to an increased intensity of the
A1

H�LO� phonon mode.

VI. CONCLUSION

In conclusion, we have presented spatially resolved Ra-
man scattering experiments on single GaAs nanowires, with
different percentages of zinc-blende and wurtzite structure.
The polarization dependence and selection rules have been
obtained for both crystalline phases. The TO mode related to

FIG. 11. �Color online� �a� Waterfall plot of Raman spectra col-
lected along the nanowire, every 100 nm, covering a distance
of 1.7 �m, as schematically depicted in �b�; E2

H and E1 peak
positions and FWHM are plotted as a function of the position
along the nanowire in �c� and �e�, respectively. �d� Relative intensity
of the wurtzite and zinc-blende structure—calculated as the inten-
sity ratio E2

H /E1—as function of the position along the nanowire.
Each of the points constitutes an average of three consecutive
measurements.

FIG. 12. �Color online� �a� HRTEM measurements close to the
tip of a nanowire where the “forbidden LO phonon mode is ob-
served; �b� power spectra of the region marked with yellow square
in �a�, where the diffraction spots of the two orientations of the
twins are observed—sublabels 1 and 2. �c� Detail corresponding to
the red square in the HRTEM micrograph, in which one can recog-

nize the formation of �1̄1̄1̄� facets.
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the wurtzite structure, E2
H, is found at 254 cm−1, in agree-

ment with the theoretical considerations. The azimuthal de-
pendence of E2

H indicates that the mode is excited with the
highest efficiency when the incident and analyzed polariza-
tion are perpendicular to the nanowire axis. In the case of
zinc-blende, the transversal optical mode E1 �TO� at
266.3 cm−1 exhibits the highest intensity when the incident
and analyzed polarization are parallel to the nanowire axis.
This is a combined consequence of the selection rules and
the one-dimensional geometry of the nanowire and the di-
electric mismatch with the environment. The presence of
strain in regions where either wurtzite or zinc-blende is in
minority is measured by the shift of the E1 �TO� and E2

H

modes. Finally, we find that the existence of surface rough-

ness can enable scattering by longitudinal optical modes on
�110� facets.
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