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Raman scattering of individual aluminum nitride (AlN) nanowires is investigated systematically. The
axial direction of single nanowire can be rapidly verified by polarized Raman scattering. The angular
dependencies of E2(high) mode show strongly anisotropic behavior in smaller nanowires, which results
from optical antenna effect. Raman enhancement (RE) per unit volume of E2(high) increases with
decreasing diameter of nanowires. Compared to the thin film, 200-fold increase of RE is observed
in AlN nanowires having diameter less than 50 nm, which is far beyond the quantum confinement
regime. Such a large RE can be attributed to the effects of resonant cavity and stimulated Raman
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4753798]
scattering. V
Nanostructured materials ranging from quantum dots to
nanowires have recently attracted considerable attention
because of the interesting physics in reduced dimension and
the spatially confined electronic and optical properties. Group
III-nitride is an important class of materials and has been
actively sought-after for the last few decades owing to the
range of properties they encompass. Among them, AlN is relatively underdeveloped, although its thin films and nanostructures have shown attractive physical and chemical properties,
such as low electron affinity, strong piezoelectricity, high surface acoustic wave velocity, high thermal conductivity, and
band gap tenability, which are essential for applications. A
number of studies on fabrication and characterization of AlN
nanostructures have been reported.1–7 Several promising
applications such as field emitters,8–11 hydrogen storage
media,12,13 light emitting devices,14–16 and photo detectors17
have been demonstrated. AlN nanorods also served as the
barrier layer in GaN/AlN quantum dots/wire system for single photon source owing to the strong confinement of
electron-hole pair as a result of its large band offset.18 In
addition, AlN nanowires with silver nanoparticles were used
as a template of surface-enhanced Raman scattering for molecular sensing.19 Most studies are performed over an ensemble of nanostructures exhibiting a broad size distribution.
Therefore, a comprehensive understanding of properties of
AlN nanostructures, especially those pertinent to the reduced
dimension and/or possessing size-dependence, would be
extremely important.
Raman spectroscopy is a simple yet powerful technique
for probing the vibration behavior of materials, which can
provide information on the crystal phase, orientation, as well
as lattice dynamics through a set of well-established selection rules. While the diameter of the nanowires is smaller
a)
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than the focus spot of the laser, the Raman scattering should
be strongly affected by its diameter because the effective
electric field inside the nanowire can be changed. More
recently, micro-Raman studies on individual nanowires such
as Si,20 Ge,21 GaP,22 WS2,23 SiC,24 ZnO,25 GaAs,26 RuO2,27
V2O5,28 and GaN29 demonstrate their impressive potential
for probing the crystal properties of these materials. Investigation on vibration/optical properties of isolated AlN nanowires is, however, relatively rare due to a lack of mature
growth technique of AlN nanowires, comparing with other
semiconductor nanowires. In this report, we performed polarized micro-Raman measurements on individual AlN nanowires. The growth axis direction of single AlN nanowires
can be easily determined by polarized Raman measurement.
Moreover, as the diameter decreases, the Raman enhancement per unit volume increases by two orders of magnitude.
AlN nanowires were synthesized by vapor transport and
condensation process.3,14 Briefly, AlN nano-structures were
fabricated by vaporizing Al powders under ammonia (NH3)
environment in a tubular furnace by atmospheric pressure
thermal chemical vapor deposition technique. Samples studied here were grown on c-plane (0002) sapphire instead of Si
(100) to inhibit Si atom diffusion into nanowires with the
growth temperature above 1000  C. A c-plane sapphire substrate pre-coated with Ni was placed in an alumina boat,
which in turn was put into the center of an alumina tube in
the middle of a high-temperature cylindrical tube furnace.
The furnace temperature was heated to 1500  C at a rate of
5  C/min and held for a period of 180 min. After this process,
a white-colored product was obtained on the surface of the
substrate. For optical study of single object, the nanowires
were dispersed onto a patterned sapphire substrate with
100 nm thick Au film to identify and locate the positions of
single wires. Optical imaging could not resolve closely
spaced wire pairs, so field emission scanning electron microscopy (FESEM) was used independent of the optical
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setup to image the samples of interest. More than 50 isolated
nanowires and tapered nanowires were examined.
Raman spectra were recorded at room temperature in
back-scattering geometry, using a micro-Raman spectrometer
(LabRAM HR 800 UV, Jobin Yvon) with a charge-coupled
device (CCD) detector and an adjustable notch filter. The
sample was excited by the 632.8 nm line of a He-Ne laser. A
confocal microscope (BX41, Olympus) was equipped with a
100 objective which gives laser spot about 1 lm on the
sample surface. To minimize the heating effect from laser,
the laser power was reduced to low power (<1 mW) by a
neutral density filter. No significant broadening, peak shift, or
decrease in intensity was observed during data acquisition,
indicating thermal heating effect can be ruled out.
Spectra were collected while controlling polarization of
both incident and scattered radiations. To simplify the measurement and the transformation from laboratory frames to
crystal-fixed frames, the origin of laboratory-fixed frames
was chosen so that the long axis of the nanowire would lie
along one of the canonical lab directions (the X direction).
Likewise, the crystal-fixed frames were defined accordingly
such that the x, y, z axes were aligned along the ½1010,
½
12
10, ½0002 crystallographic directions. In this geometry,
we aligned our nanowires along the laboratory Y-axis and
measured the polarization-dependent Raman intensity with
the incident and scattered light polarization rotating from the
Y-axis (parallel) to the X-axis (perpendicular) keeping both
incident and scattering light polarized in the same direction.
For the measurement of individual AlN nanowires, three dif XðZZÞX,

ferent polarization configurations, namely, XðYYÞX,

and XðYZÞX (according to the Proto notation) were used,
where the c-axis of the nanowire is defined as the Z-axis.
Porto’s notation A(BC)D is used to describe the Raman geometry and polarization, where A and D represent the wavevector direction of the incoming and the scattered light,
respectively, while B and C represent the polarization direction of the incoming and scattered light. The identification of
all phonon modes can be performed by comparing polarized
Raman scattering studies with the theoretical predictions
obtained through the Raman tensors.30 The space group of
wurtzite AlN is C46v and the Raman active modes are
1A1 þ 1E1 þ 2E2, while 2B2 modes are silent modes. Since
the wurtzite structure is noncentrosymmetric, both A1 and
E1 mode split into longitudinal optical (LO) and transverse
optical (TO) components.
First, the structure characterizations of ensemble were
examined. X-ray diffraction (XRD) analysis was performed
to investigate the crystal structure of the products. As shown
in Fig. 1(a), the XRD patterns revealed that all the diffraction
peaks can be indexed as hexagonal wurtzite structure with
cell constants of a ¼ 0.311 nm and c ¼ 0.498 nm. No excess
peaks could be detected, except for peak from sapphire substrate, which indicates that no other phases were formed.
The Raman spectrum of as-grown AlN nanowires is illustrated in Fig. 1(b). Four distinct peaks at 249, 611, 657,
671 cm1 were observed, which can be identified to E2(low),
A1(TO), E2(high), E1(TO), respectively. The broad peak at
895 cm1 is related to the overlap of the A1(LO) and E1(LO)
modes. These results are in agreement with those reports of
AlN nanostructures15,31 as well as films.32
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FIG. 1. (a) XRD pattern of ensemble AlN nanowires. (b) Micro-Raman scattering spectrum of ensemble AlN nanowires.

Steps to determining the growth direction of isolated AlN
nanowires are illustrated as following. Shown in Fig. 2(a) is a
scanning electron microscopy image of a typical AlN nanowire under investigation. The mean diameter and length of this
nanowire are 450 nm and 7 lm, respectively. Figure 2(b)
shows typical Raman spectra taken under different polarized
configurations from this AlN nanowire. Strong polarization dependence can be observed. In the XðYYÞX configuration, as in
the lowest trace of Fig. 2(b), the E2(high) mode is predominant
and a weak A1(TO) modes could be observed. In the XðYZÞX
configuration, all the A1(TO), E2(high), and E1(TO) modes
appear. While the polarized configuration is changed to
XðZZÞX configuration, the A1(TO) mode becomes dominant
and a weak intensity of E1(TO) could be observed. The observation of non–vanished modes of A1(TO) (E2(high)) in
 which are forbidden in corresponding geoXðYZÞX (XðZZÞX),
metries, should be due to reflections inside the crystal and/or a
small tilting of the sample. All the Raman modes could be
used for identification of growth orientation except for these
above mentioned non-zero modes. As a result, we can conclude that the c-axis is parallel to the long axis of nanowire
according to theoretical predictions. Figure 2(c) plots the intensities of Raman modes as a function of the angle between the
polarization direction of the incident laser and the long axis of
nanowire. The trends of intensities for each mode are in good
accord with the calculated results of wurtzite structure.27

Downloaded 07 Nov 2012 to 130.236.83.30. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

121902-3

Hsu et al.

Appl. Phys. Lett. 101, 121902 (2012)

FIG. 3. Typical micro-Raman scattering spectra of individual non-c-axis oriented AlN nanowire with different polarization configurations.

ular to the long axis of the nanowire. The apparent polarization dependence of Raman modes observed here is quite
similar with the results of the observation of GaN nanowires.24–26 Although the mechanism of growth direction for
nanowires is not yet well understood, we still could use
Raman scattering as a powerful tool to identify the growth
direction of nanowires.
Polarized direction-dependent Raman spectra were studied in details, especially for the E2(high) mode because of its
characteristic phonon mode. Figure 4 shows the polar patterns of E2(high) mode of three different typical c-axis nanowires with 237 nm, 120 nm, and 42 nm in diameter. For wire
with a larger diameter, the Raman scattering intensities are
observed to exhibit a cos4h (dash line) response, where h is
the angle between the incident laser direction and the nanowire axis, as expected in the calculated result of wurtize-type
nanorods.27 Interestingly, for wire with a smaller diameter,
the trend of Raman intensities cannot be fitted by the function of cos4h well and should be fitted by higher exponential
term. This is likely due to the Raman antenna effect which
has been observed in isolated single-wall carbon nanotubes
(SWNTs), WS2 nanotubes, and GaP nanowires.20 Our results

FIG. 2. (a) Scanning electron microscopy image of a single AlN nanowire.
(b) Typical micro-Raman scattering spectra of individual c-axis oriented
AlN nanowire with different polarization configurations. (c) Intensities of
the Raman modes as a function of the angle between the polarization direction of the incident laser and the long axis of nanowire.

Besides AlN nanowires with c-axis growth direction,
AlN nanowires with other orientation direction were also
observed. In different polarization configurations, the three
peaks – E2(high), A1(TO), and E1(TO) can be observed and
the relative intensities of each mode are identical in Fig. 3.
According to Raman selection rules, the c-axis is perpendic-

FIG. 4. Polar plots showing the Raman mode of E2 (high) of AlN nanowires
as a function of the angle between the polarization of the incident light and
the nanowire axis.
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suggest that AlN nanowires with small diameter may be
served as optical antenna photovoltaic absorbers33 and/or
gain media for Raman lasers.34
Furthermore, we performed diameter-dependent Raman
of individual c-axis AlN nanowires and monitored the intensities of E2 (high) mode. The peak position and full width at
half maximum (FWHM) of E2 (high) mode do not obviously
change as a function of diameter (not shown here). Since the
diameters of the studied AlN nanowires are ranging from 33
to 4000 nm, which are significantly larger than the Bohr
exciton radius in AlN, no quantum confinement effects are
observed.
To make a comparison of Raman enhancement, we
define the value of Raman enhancement per volume (RE) as
follows:20
RE ¼

Inw =Vnw
;
Iref =Vref

(1)

where Inw represents the measured Raman intensity, Iref is
for the high quality thin film.35 Vnw and Vref denote the volume of nanowire and thin film, respectively. Although the intensity of Raman decreases with decreasing diameter, the
corresponding RE is relatively significant.
A cavity phenomenon involving incident electromagnetic radiation and the structure dielectric cross section was
proposed to explain the observed Raman enhancement in Si
nanowires.20 We also model the light scattering by solving
Maxwell’s equations using complex index of refraction of
AlN, following the approach reported in Ref. 20. The calculated values of RE are compared with the experimental data
in Figure 5. The trend of the value increases as diameter
decreases, which is in good agreement with the modeling
except for the case of diameters smaller than 50 nm. The origin of enhancement may result from structural resonances in
the local field similar to Mie scattering from dielectric
sphere.36 For the smallest nanowires of 33 nm in diameter,
the RE value is two orders of magnitude larger than that of
films, slightly higher than that of the simulation. The discrepancy may be caused by the occurrence of the stimulated

FIG. 5. The blue dots and line represent the measured Raman enhancement
of E2(high) mode for a series of AlN nanowires as a function of diameter
under X(YY)X configuration and simulation result, respectively.


Raman scattering.34 Further refinement of the model should
be performed in future.
We therefore believe the structure resonant effect should
play an important role in our system. The Raman enhancement factor of AlN wires is comparable to that of Si nanowires.20 The energy of excitation laser we used is much
lower than the bandgap of AlN and thus belongs to offresonant Raman condition. If one can use the laser having
energy close to the bandgap of materials, it is expected to
gain stronger enhancement because the scattering cross section is proportional to k4.
In conclusion, we described the use of polarized Raman
spectroscopy as a rapid and nondestructive probe for determining the phase as well as the growth orientation of AlN
nanowires. We have investigated the polarized- and sizedependent characteristics of Raman scattering of individual
AlN nanowires. The diameter effect plays a dominant role in
strong anisotropic Raman effect of single nanowires. As the
diameter of nanowire is decreased, Raman enhancement per
unit volume of E2 (high) mode increases to 2 orders of magnitude. This information could provide insight for further
design of nanowire-based devices.
This work was financially supported by Ministry of Education, National Science Council and Academia Sinica in
Taiwan as well as the US AFOSR-AOARD.
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