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1. Introduction  

Semiconducting nanowires represent interesting solid state systems with unique geometry 
offering great possibility for further development of optoelectronic devices and sensors 
applications with numerous possibilities for studying exciting physical phenomena arising 
from carrier confinement and the large surface-to-volume ratio (Hayden 2008, Pauzauskie & 
Yang, 2006; Yang et al.,  2010;  Lu & Leiber, 2007; Patolsky et al., 2007; Cao et al., 2009; Algra 
et al., 2008 & Wang et al., 2001). However, the growth of nanowires free of contaminants, 
controlled surface states and structural defects is still one of the key issues.  
Studies comparing Raman scattering experiments of bulk and nanostructured materials 
have been reported in literature for several di fferent kind of systems with extensive use as a 
primary characterization tool for study of ph ase and optical properties of nanowires and 
nanoparticles. (Zeng et al., 2006; Lin et al., 2003; Mahan et al., 2003; Adu et al., 2006; 
Hartschuh et al., 2003; Zardo et al., 2009; Cao et al.,  2006; Shan et al., 2006; Pauzauskie et al., 
2005; Xiong et al., 2006).With respect to one-dimensional  (1-D) structures, several new 
phenomena have been reported to date, e.g., the high surface-to-volume ratio enabling the 
measurement of surface optical (SO) phonon modes (Gupta et al., 2003; Xiong et al., 2004; 
Spirkoska et al., 2008; Sahoo et al., 2009a; Sahoo et al., 2010;  Adu et al., 2006). A increase in 
the scattered intensity is reported for nanoscale structures with respect to their bulk 
counterpart, describing the effect denominated as ‘Raman antenna effect’ (Xiong et al., 2004; 
Xiong et al., 2006; Cao et al., 2007). In addition, polarization dependent experiments on 
single carbon nanotubes and nanowires have shown that the physics behind Raman 
scattering of such  1-D  nanostructures can differ significantly from the bulk (Frechette et al., 
2006;  Pauzauskie et al., 2005; Livneh et al., 2006; Cao et al., 2006). As a matter of fact, the 
highly anisotropic shape of the nanowires can lead to angular dependencies of the phonon 
modes which otherwise would not be expected from selection rules (Pauzauskie et al., 2005; 
Nobile et al., 2007). In general, Raman spectroscopy is an efficient tool to provide qualitative 
information from semiconductor by probing SO modes.  

1.1 Surface optical phonons  
SO phonons are similar in concept to bulk phonons, except that the atomic amplitudes are 
confined to the near-surface region of the material. The amplitudes of these phonons decay 
exponentially with distance measured away from the sample  SO modes. In general, two 
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different types of SO phonon modes, depending on the penetration depths, can be 
distinguished as macroscopic and microscopic ones. Macroscopic SO modes are classified as 
optical (e.g. Fuchs-Kliewer; Fuchs & Kliewer, 1965) and acoustic (e.g. Rayleigh) SO phonon 
frequencies. Acoustic SO modes in isotropic elastic media propagate along the surface or 
interface with displacements in the sagittal pl ane which is defined by the normal to the 
surface and the direction of propagation ( Wallis, 1994). These modes decay exponentially 
into the bulk and the penetration depth is proportional to the wavelength in the long-wave 
limit. Contrary to an acoustic mode the Fuchs-Kliewer phonon is connected to a 
macroscopic electric field (Fuchs & Kliewer, 1965). The frequency of a Fuchs-Kliewer 
phonon can be determined by solving the Laplace equation for the electrostatic potential of 
an ionic crystal under appropriate electromagne tic boundary conditions. Then the frequency 
is found to lie in between the frequency of the transverse optical (TO) and longitudinal 
optical (LO) bulk phonon. The corresponding pi ctorial representation of the atomic motion 
in a phonon mode has been illustrated in figure 1 (Richter et al., 2000).  
 

 
Fig. 1. Schematic representation of the a) atomic motion in a phonon mode 
(http://en.wikipedia.org/wiki/Surface_pho non) and b) SO phonon. The atomic 
displacements of SO phonons are confined to the top atomic layers. The atomic positions 
and the eigenvector in this example correspond to the higher frequency gap mode (270 cm-1) 
of InP (110) at point �Á
$��in the SO Brillouin Zone. (Richter, et al., 2000 Copyright © 
Xiamen University Press). 

Experimental techniques for analyzing SO phonon properties have so far been based on SO 
phonon sensitive probes such as low-energy electrons and atoms, i.e. high resolution 
electron energy loss spectroscopy and He-atom scattering (Ibach & Mills, 1982; Benedek & 
Toennies, 1994). Due to the strong interaction of low-energy electrons and atoms with 
matter, the penetration depth of these probes is limited to the few outermost atomic layers 
giving rise to the sensitivity of SO modes in these techniques. Raman spectroscopy, in 
contrast, is based on the comparably weak interaction of photons with matter. Even under 
strong absorbing conditions the penetration dept h of photons is no less than approximately 
fifty atomic layers and thus the Raman signal is bulk rather than SO mode related. However, 
the resolution and sensitivity of modern Rama n equipment allows also for the observation 
of Raman signals generated by SO phonons (Gupta et al., 2003; Xiong et al., 2004). The 
reasons are, firstly the vibrational frequencies of SO phonons are different from those of the 
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bulk, since the top layer is free and bonding atoms are missing. Secondly, the energies of 
electronic states corresponding to the surface are different from bulk states and thus the 
resonance condition of SO phonons is different from that of bulk phonons. These differences 
in SO and bulk phonon scattering are pronounced for a perturbed surface or for hetero-
termination i.e., when a surface is terminated with atoms not being present in the bulk.  
SO phonons are reported in polar semiconductors exhibiting a formal charge separation 
between cation and anion sub-lattices. These SO modes show dispersion, i.e. their frequency 
depends on the wave vector q measured along the surface. For any q vector, the SO mode 
frequency �ÚSO lies between those of the q = 0, LO and TO phonons. The SO phonon dispersion 
depends both on the dielectric function of the semiconductor as well as on the material, e.g. 
air, oxide, or liquid in contact with the su rface. Wherever there is an interface between 
different materials with different dielectric func tions, generally, there will be interface modes. 
They are solutions to Maxwell’s equations with  appropriate boundary conditions (Sernelius, 
2001). These modes, which are localized to the interface, can propagate along the interface.  
Normally, SO modes are observed when the translational symmetry of the SO potential is 
broken. This break down of symmetry can activate a larger wave vector SO mode whose 
frequency is sufficiently separated from the other Raman-active optical phonons, to be 
observed experimentally. An interplay of a st rong Fourier component of the perturbed SO 
potential acts as a source of wave vector supplied by the symmetry breaking (Sernelius 
2001). This can be achieved in several ways, e.g., by surface roughness, or by formation of a 
grating along the surface. Another method for detecting SO modes involves placing  a prism 
at the surface of the sample. The evanescent wave from the prism–sample interface can 
probe the surface and the desired SO mode (Falge et al., 1974) 
Overall, Raman spectroscopy of nanostructures represents an extremely active and exciting 
field for the benefit of science and technology at the nanoscale. The arising new phenomena 
and technical possibilities not only open new vistas for the characterization of materials but 
also for the understanding of fundamental pr ocesses at nanoscale. In this chapter, we 
provide a review of SO modes on nanowires using Raman spectroscopy depicting overview 
of the appearance of new modes and their effect on geometry of samples.  

2. Surface optical phonons from semiconductor nanowires 

There are geometry and size-related phonons appearing for several different kind of systems 
when dealing generally with nanowires and na noparticles, such as the SO and breathing 
modes arising from acoustic confinement. In case of nanowires, the geometry is one of the long 
filaments. The cross-sectional shape of nanowire matters for the SO phonon dispersion. It is 
usually observed that the TO and the LO modes have a position in energy close to that 
observed in bulk. When scaling down the size and the dimensionality of the structures, the 
position can change along with the appearance of new Raman modes due to breakdown of 
translational symmetry in the fi nite size. Moreover, effects related to the shape of the system 
can become significant. The existence of boundary conditions at the nanoscale gives rise to 
electric and polarization forces. The surface represents a new mechanical boundary, since the 
surface atoms are less bound and experience a different local field than that from the bulk. This 
has consequences even in the propagation of an optical phonon. 
Several works have reported the presence SO modes in  Raman spectra of semiconductor 
nanowires which have been assigned to SO phonons (Gupta et al., 2003; Shan et al., 2006; 
Sahoo et al., 2008a, 2010b; Sahoo et al., 2010;  Lin et al., 2003; Zeng et al., 2006; Spirkoska et al., 
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2008). The SO phonons are generated at the interface between different materials with 
different dielectric functions and propagate alon g the interface. The atoms involved in their 
propagation are those close to the surface, so that the amplitude of the oscillations decays 
exponentially with the distance from the surface. This mode is activated by breakdown of the  
translational symmetry of the SO potential, which in the case of the nanowire can be addressed 
to the presence of roughness, saw tooth faceting on the nanowire sidewall or to a diameter 
oscillation along the nanowire length. There are two characteristics which are distinctive of the 
SO modes and can therefore allow a reliable assignment of the mode: the dependence of the 
phonon frequency (1) on the dielectric constant of the medium surrounding the wires and (2) 
on the diameter or on the period of the diameter  oscillation of the wires. Indeed, it was already 
observed that blue shift of the SO mode value increases with the dielectric constant of the 
surrounding optical medium and decreases with the nanowire diameter (Gupta et al., 2003; 
Sahoo et al., 2009). Furthermore, the frequency of the SO modes at the center of the Brillouin 
zone is located between those of the TO and the LO and also the long-wavelength (q = 0) SO 
modes are hard to identify experimentally, as they strongly overlap w ith the TO (q =0) 
phonon.  

2.1 SO phonons in cylindrical geometry 
The SO modes dispersion at the interface between a semiconductor and a dielectric material 
can be calculated taking into account of the geometrical constraint and surrounding 
dielectric medium, by imposing the condition: 

      � (� ) +  � m = 0 (1) 

where � (�) the dielectric function of the semiconductor and � m is the dielectric constant of 
the medium. For a cylindrical interface, the SO mode frequency can be obtained by solving 
the following equation,  

 �Ý���:�ñ�; 
 E � ó�à �B�:�M�N�; 
 L � r (2) 

where r is the radius of the cylinder, and 

 �B�:�T�; 
L
�Â�, �:�ë�;�Ä�-�:�ë�;

�Â�-�:�ë�;�Ä�, �:�ë�;
���á (3) 

where I and K are Bessel functions and x = qr. For an interface between a dielectric medium 
and a semiconductor surface, on solving (1) with the dielectric function 

 �Ý�:�ñ�; 
 L � Ý�¶ 
E
���,���?���®

�5�?

� �.


� �Å�À
�.

 (4) 

for a semiconductor, the SO mode frequency is 

 �ñ�Ì�È 
 L � � � ñ�Í�È
§
���,���>���Ø
���®�>�����Ø

 , (5) 

where �Æ0 and �Æ�’  are the static and high-frequency dielectric constants, respectively. �ÚTO is the 
TO mode frequency at zone center. This frequency is the asymptotic limit of the SO 
polariton, i.e. coupled SO phonons and photons.  

 �ñ�Ì�È
�6 
 L � � � ñ�Í�È

�6 
E � �
� 
å�Û

�.

���®�>���Ø�Ù���:�ë�;��
 , x= qr,  (6) 
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where �ñ
å�ã�6 is the screened ion plasma frequency given by �ñ�Å�È
�6 
 L � � � ñ�Í�È

�6 + �ñ
å�ã�6 �Ý�¶�¤ ��,  �ÚLO is the LO 
mode frequency at zone center, and d = 2r is the wire diameter. For infinite-diameter 
cylinders, i.e. r�D�’ , f(x) �D 1, 

 �ñ�Ì�È
�6 
 L � � � ñ�Í�È

�6 
E � �
���®�:��� �½�À

�. �?� �Å�À
�. �;

���®�>�����Ø
   =>  �ñ�Ì�È 
 L � � � ñ�Í�È
§

���,���>���Ø
���®�>�����Ø

 , (7) 

This is exactly the SO phonon frequency of an infinite semiconductor flat surface expressed 
by (5). Therefore, equations (6) and (7) establishes the dependency of the SO phonon energy 
on the external medium and on the size of the wire, since the position of the SO phonon can 
be related to the dielectric constant of the surrounding medium as well as to the nanowire 
radius. Furthermore, values of q for the activation of the SO mode can be determined 
experimentally (Gupta et al., 2003). Instead, the line width of the SO mode has not been yet 
well understood. The effect of the position of the SO modes can be evidently observed by 
comparing semiconductor nanowires with various diameters. 

2.1.1 GaP nanowires 
The SO potential along the axis of the GaP nanowire is perturbed by a strong component 
with wave vector q (Gupta et al., 2003). Thus, inelastic light scattering via SO phonons with 
this average wave vector is particularly important. The wave vector q, responsible for the 
observation of the SO band, can be deduced by comparing the computed SO frequencies 
�ñSO(q) to those obtained experimentally.  
Figure 2 shows the Raman spectra of the optical phonons for GaP nanowires with diameter 
of 50 nm in air (�Æm = 1), dichloromethane (�Æm = 2), and aniline (�Æm =2.56).  
 

 
Fig. 2. Raman spectra of GaP nanowires with diameter d= 50 nm recorded in three different 
media with different dielectric constant ( � m). The low, middle and high frequency bands are 
identified respectively with the TO, SO, and LO phonons. The solid lines represent 
Lorentzian line shapes used to fit the SO and LO band. (Gupta et al., 2003 Copyright © 
American Chemical Society; Applied for permission). 
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It is assumed that the LO and TO phonon branches are dispersion less as shown by 
horizontal lines. The nanowire  diameter is given by 2r, and the thin lines are the result of a 
Lorentzian line shape analysis. The decomposition of the band into individual Lorentzians is 
also shown. The lowest and highest frequency bands, respectively, are identified with the 
first-order modes of TO at 367 cm�ï1 and LO at 401 cm�ï1. A third Raman band lies midway 
between the TO and LO bands (Fig. 2). This band is assigned to SO modes because of its 
sensitivity to the dielectric constant of an external medium ( �Æm) e.g. air, dichloromethane, 
and aniline in contact with the nanowire. The SO band show red shift (Fig. 2), as the 
dielectric constant of the surrounding medium is increased. The peak positions of the LO 
and TO bands, however, do not change. Based on this observation, the intermediate 
frequency band has been unambiguously assigned to SO modes. 
 

 

Fig. 3. Calculated dispersion of the SO mode for a GaP nanowire (� m =1). The arrow indicate 
the q= 0, LO and TO phonon frequencies. (Gupta et al., 2003 Copyright © American 
Chemical Society; Applied for permission). 

From the calculated SO dispersion and the � SO obtained from experiments with the 
nanowires in various dielectric media (e.g. the crossing points between the solid curve and 
the dashed lines in Fig. 3), the wavelength �Ì = 2�Ñ/q of the SO potential (perturbation) which 
is important for activating the SO mode scatter ing has been estimated. For cylindrical cross 
section GaP nanowires, �Ì = 2�Ñ/ q is ~ 40 nm. In case of d= 20 nm wire, the maximum 
dispersion takes place at q* wire ~ 2 
H107/m by using equation (6). The q* value marking 
maximum dispersion is much larger than its counterpart for SO modes at a plane surface 
(i.e., qplane �1�XLO/ c =2.5
H 105/m). Thus, it is clearly importan t to use the correct (cylindrical) 
geometry while describing the SO phonons in small diameter nanowires (Adu et al., 2006; 
Spirkoska et al., 2008).   
It appears that values of the SO band frequency, as calculated for x= 4, correspond to the 
experimentally obtained values for the sample of d= 50 nm, while x= 1.5 values are close to 
those SO mode observed for the sample with a diameter, d= 20 nm. Approximately the same 
value of q = 1.5
H 108/m is found for the two sets of wires d= 20 or 50 nm. Therefore, the 
length scale which is responsible for excitation of the SO mode is given by 2�è/ q = 40 nm. 
Since this length scale is similar in both cases, there must be an inherent length scale in the 
nanowires responsible for the activation and observation of the SO band. The symmetry 
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breakdown mechanism responsible for the observation of the SO band is due to the presence 
of the wire diameter modulation along the nanowire growth direction. This modulation can 
indeed be observed in TEM images (Fig. 4) where it has been shown that four different 
images with different wire diamet ers with modulation wavelength �Ì. The diameter 
modulation wavelengths,  �Ì (
N 30-70 nm), for the small subset of nanowires (Fig. 4)  is 
consistent with the length scale (
N��40 nm).  
 

 
Fig. 4. Bright field TEM images of GaP nanowires showing nearly periodic modulation of wire 
diameter. The diameter and the modulation wave length for each image appear to the right. 
Diameter oscillations have been reported to be more prominent in larger diameter nanowires. 
(Gupta et al., 2003 Copyright © American Chemical Society; Applied for permission). 

 

 
Fig. 5. Variation of the line shape parameters for the SO band (peak position and line width) 
as a function of the dielectric constant of the overlaying medium. (Gupta et al., 2003, 
Copyright © American Chemical Society; Applied for permission). 
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Again, it is already discussed that the dispersion for a SO mode calculated in a cylindrical 
geometry is crucial for estimating the wavelength of the important Fourier component of the 
SO potential that breaks the symmetry and “activates” the SO modes in a Raman scattering 
event. It is also possible that SO Raman mode from larger nanowire diameters ( d > 40 nm) in 
the lognormal diameter distribution with a more prominent diameter modulation (Fig. 5) 
might dominate the SO spectrum for the nanowire ensemble. This assumption can be 
proved if SO mode frequency can be measured from individual wires with known diameter 
modulation wavelength.  
The SO band position does not include any dynamics of the SO phonons, and therefore it is 
inadequate to describe the variation of the SO mode line width as a function of �Æm as shown 
in figure 5 (top). The line width measured in  air for the SO band in the 20 nm diameter 
sample is twice of that observed in the 50 nm sample, even if the line widths of the LO mode 
in the two nanowire samples with different diam eter distributions are comparable to within 
10% in all overlaying media. This implies that  the SO modes in the 20 nm nanowires have a 
lifetime that is half of the 50 nm nanowire batch. This may results due to the difference in 
the decay channel phase space available to the SO phonons for the two samples as the 
dielectric constant varies.  

2.1.2 GaAs nanowires 
Figure 6 represents scanning electron microscopy image of the GaAs nanowires, grown by 
molecular beam epitaxy (Spirkoska et al., 2008). The Raman spectra have been recorded in 
ensembles of GaAs nanowires having diameters 160 and 69 nm (Fig. 7a). The existence of a 
SO mode is confirmed by comparing the spectra of the nanowires in an environment of air 
and PMMA with higher value of dielectric co nstant. As expected, the SO mode shifts to 
lower wave numbers for smaller diameters, as it is observed in the spectra obtained for 
nanowires with an average diameter of 69 nm. The entire trend of the position as a function 
of the diameter is shown in figure 7b. The SO mode is barely observed as the position is very 
close to the LO phonon for the nanowire with the largest diameter. Continuous line 
indicates data for nanowires with a circular section. GaAs nanowires exhibit a hexagonal 
section explaining the discrepancy with the experimental data.  
 

 
Fig. 6. a) Scanning electron micrograph from the as-grown GaAs nanowires. The hexagonal 
cross section of the nanowires is presented in the inset. b) Schematic drawing of the 
scattering geometry of the measurements after transferred of the GaAs nanowires onto Si 
substrate. (Spirkoska et al., 2008 Copyright © Institute of Physics.) 
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Fig. 7. a) Raman spectra of GaAs nanowire bundles with respectively an average diameter of 
160 and 60 nm. The SO mode can be observed on the left of the LO mode in which the 
position of the SO phonon down-shifts with the decrease in diameter. b) Evolution of the SO 
phonon position as a function of the diameter of the nanowires. The line corresponds to the 
theoretical values expected for hexagonal cross section of GaAs nanowires. (Spirkoska et al., 
2008 Copyright © Institute of Physics.) 

2.1.3 GaN nanowires 
In our latest study,(Sahoo et al., 2010) the SO phonon modes has been identified in GaN 
nanowires grown by vapor liquid solid (VLS ) technique showing a strong correlation 
between the surface morphology and Raman phonon spectra. The SO phonons associated 
with A1(TO) at 533 cm–1 and E1(TO) at 560 cm–1 are calculated for GaN by taking the qr value 
of 1.07, which yields SO phonon frequencies (�Úso) pertaining to A1 (654 cm–1) and E1 (688 cm–

1) characters (Fig. 8). Hence, the reported peaks around 652 and 691 cm–1 has been accounted 
for SO phonon modes in GaN. 
 

 
Fig. 8. a) Room-temperature Raman-scattering spectra of GaN nanowires showing the 
experimentally observed data and the Lorentzian  fit for the individual peaks. b) Calculated 
SO phonon frequencies as a function of qr, full curve: SO(E1), dashed curve: SO(A1), 
horizontal lines are the LO and TO frequencies of E1 and A1 modes, as inscribed in the 
figure. Vertical dotted line is marked for qr = 1.07. Inset is a GaN nanowire with diameter 
modulation. (Sahoo et al., 2010 Copyright © Inderscience Enterprises Ltd.) 
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It can also be seen that the intensities of the observed SO phonons in the present study are 
comparable to other phonons. The magnitude of surface roughness determines the SO peak 
intensity owing to the breakdown of the tran slational symmetry of the SO potential. The 
wavelength �Ì = 2�Ñ/q (qr = 1.07; r~250) corresponding to the perturbation of SO potential has 
been estimated as ~1500 nm for the GaN nanostructures (using the dispersion relations in 
Fig. 8b for typical nanostructure diamet er of ~500 nm). Surface roughness with a 
modulation of ~150–300 nm is observed (indicated by arrows in the inset of Fig. 8b) with 
any integral multiple equivalent to the �Ì (10×150 nm = 5×300 nm = 1500 nm) will be 
sufficient to initiate breakdown of translat ional symmetry in contributing SO potential 
toward SO modes. The process makes the intensity of the SO mode comparable to that of the 
other phonons. 
SO mode in a single GaN nanowire grown by molecular beam epitaxy has also been 
reported by Hsiao and co-workers  (Hsiao et al., 2007) during angle dependent Raman 
spectroscopy measurement with the z axis pointing along the crystallographic c axis of the 
rod. The direction of different  angles between the laser polarization and the rod length (c 
axis) are shown in figure 9 (a). The reference frame (x, y polarization) is rotated against the 
rod. The angle between the laser polarization and the z axis (x axis) is represented by �à���:�î�; 
(Fig. 9a). In the Porto notation, (Arguello et al., 2969) the representations of �à = 0° and �à = 
90° scattering configurations with �î  =90° are x(z, z)�T�§ and x(y, y)�T�§, respectively. The 
hexagonal geometry shape with vibrational modes are resolved in � T� �� :� T 
 E � U� á � T 
 E � U� ;� �� T�§ 
scattering configuration to obtain all ma in Raman peaks which further demands for 
application as angle selective nanosensors. However, a new peak at 708.5 cm�ï1 have been 
ascribed to the SO mode (Fig. 9b) which is absent in GaN compact film (also shown in lower 
spectra of figure 9b). With high surface-to-volume ratio and the high perfection of the 
hexagonal surface with highly crystalline structure, the peak is assigned to the SO mode of 
GaN nanocrystals rather than the disorder-activ e Raman mode which refers to the effect of 
defects in crystal or a-GaN and agrees well with  the calculated value. 
 

 
Fig. 9. a) Angle-dependent Raman spectroscopy measured at different angles between the 
laser polarization and the rod length ( c axis). The inset shows a schematic diagram of the 
Raman scattering configurations measured on a single freestanding nanorod. b) Micro-Raman 
spectra measured from a single freestanding GaN nanorod and a compact GaN thin Þlm. A 
prominent peak at 708.5 cm�ï1 is contributed from the SO vibrational mode of GaN nanorod. 
(Hsiao et al., 2007 Copyright © American Institute of Phys.) 
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2.1.4 InN nanowires 
An optical mode of one-dimensional nanost ructures of InN, such as nanowires and 
nanobelts grown by chemical vapor deposition, has been studied in our earliest report 
(Sahoo et al., 2008). Typical Raman spectra of nanowires and nanobelts are shown in figures 
10(a) and (b), respectively and SO phonons modes have been reported taking into 
consideration of cylindrical geometry to both. The range of qr is determined from the 
dispersion relation of � SO as a function (Fig. 11a) by the spread in diameter (d~75 to 150 nm 
for nanowires and ~50 to 200 nm for nanobelts). For d=100 nm the value of qr = 1.18 is 
shown as a vertical dot-dashed line in figu re 11. Based on the above agreement the modes 
around 528–560 cm�ï1 have been assigned to SO modes with A1 and E1 characters, 
respectively. A further confirmation has been cl early reported by recording the spectra in a 
higher dielectric medium �:�Ým=2.24 for CCl4) which shows inherently a red shift of 4 cm �ï1 to 
SO modes. The spread in SO phonon essentially arises due to the wide range of diameter 
and dimension of the nanostructures.  
 

 
Fig. 10. Raman spectra for InN a) nanowires and b) nanobelts. Full curve: total fitted 
spectrum, dashed curves: individual fitted pe aks. Peaks corresponding to SO mode are 
indicated by arrows.  Raman spectra of InN nanobelts b) immersed in CCl4. The inset shows 
SO modes under the expanded range of 500–600 cm-1. (Sahoo et al., 2008 Copyright © 
American Institute of Physics.) 

The wavelength �ã=2�è/ q, corresponding to the SO potential, can be estimated as ~135 nm for 
nanowires and ~110 nm for nanobelts using the dispersion relations in figure 11 with 
maximum qr=1.65 for nanowires and~1.4 for nanobelts. Surface roughness with modulation 
of ~65 nm for nanowires (Fig. 11b) and ~55 nm for nanobelts in figure 11b have been 
observed. However, the intensity of SO modes found to be higher than that for the TO 
modes. Defects related to abrupt termination of translational symmetry in the 
nanostructures may reduce the intensities of  fundamental phonon modes; on the other 
hand, rough surface and interface may result in intense SO modes.  
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Fig. 11. a) Calculated SO phonon frequencies as a function of qr, full curve: SO (E1), dashed 
curve: SO(A1). Horizontal full and dashed lines are the TO and LO frequencies of E1 and A1 
modes, respectively. Symbols are measured SO frequencies, open symbol: nanowires, filled 
symbol: nanobelts. Vertical line at qr=1.18 corresponds to d=100 nm. b) Surface roughness in 
typical nanowires and c) nanobelts. Arrows show the modulation in the surface structure. 
Diameters and the calculated wavelengths of SO potential are also inscribed. (Sahoo et al., 
2008 Copyright © American Institute of Physics.) 

2.1.5 AlN nanowires  
In one of our recent studies (Sahoo et al., 2010) we have studied typical Raman spectra for 
optical phonons in AlN nanotips  (Fig. 12a). Apart from the allowed optical phonons in AlN, 
an additional phonon mode at 850 cm�ï1 has been assigned to SO phonons, in view of its 
strong response to change in dielectric medium and good agreement with calculated SO 
phonon frequency. A prominent red shift of SO mode (23 cm -1 in CCl4 medium) has been 
reported (inset of Fig. 12a).  
 

 
Fig. 12. a) Raman spectra of AlN nanotips recorded in CCl 4. Inset shows comparison of the 
position of SO phonon peak in air and CCl 4 medium, b) Morphological study at high 
resolution FESEM image of AlN nanotips wi th arrows showing the modulation of the 
surface. Inset shows corresponding marked region with distinct surface modulation. (Sahoo 
et al., 2010 Copyright © American Institute of Physics.) 
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The typical analysis of the nanotip surface (as directed by two doted arrows) shows that the 
steps (labeled as A, B, and C in Fig. 12b) are systematically decreasing along the growth 
direction. The width ( d=2r) of the steps are 120, 90, and 50 nm with a corresponding length 
of 350, 260, and 140 nm, respectively. The wavelengths ( �Ì=2�è/ q) of perturbation have been 
calculated taking into account of the corresponding r and x=1.2 value of each step. The 
values of wavelength corresponding to A, B,  and C are reported to be 314, 235, and 130 nm, 
respectively. Thus these perturbation values, which are in close agreement with the length 
of the steps (Fig. 12b), absorb the required phonon momentum for the observation of the SO 
mode. 

2.1.6 InGaN/GaN multi-quantum-well nanopillars 
In another study (Wu et al,. 2009) we have reported the fabrication and the observation of 
SO phonon in aligned GaN nanopillars wi th spatial control of embedded InGaN/GaN 
multi-quantum-well (MQWs) using focused ion beam milling.  Figure 13 (a) shows the SEM 
image of resulting InGaN/GaN MQWs structur e milled with a serpentine-scanning beam 
and subsequently wet-etched with KOH soluti on. The pillar base diameter (Fig. 13a) is 
around 95 nm with aspect ratio of 7: 1. The pillar size is further reduced to 30 nm with 
enhanced high aspect ratio of 16: 1, with an extended KOH treatment time. The presence of 
surface roughness or even surface modulations of ~ 25 nm at two different regions of these 
1-D MQW nanopillars have been observed (Fig. 13b).  
 

 
Fig. 13. a) SEM tilted-view images showing FIB milled nanopillars after KOH treatment. 
b) Surface roughness in typical MQW nanopillars. Arrows show the modulation in the 
surface structure at two different regions.  (Wu et al., 2009 Copyright © John Wiley &  
Sons, Ltd.) 

Figure 14 displays distinct Raman features of KOH etched nanopillars with 632.8 nm (Fig. 
14a) and 514 nm (Fig. 14b) laser excitations.  Along with all allowed Raman modes, the fitted 
broad peak in the range 665–699 cm�ï1 (inset in Fig. 14b) have been examined carefully to 
elucidate the possibility of SO phonon being responsible. The Raman spectra for nanopillars 
in a higher dielectric medium ( �Æm = 2.56 for aniline) have been recorded and compared with 
those in air for the same excitation of 532 nm laser line (Fig.15a). It is reported that  the peak 
positions of the A1(LO)GaN and A1(LO) InGaN modes did not change, whereas an apparent red 
shift of �ý15 cm�ï1 for SO modes for GaN has been reported for the spectrum collected from 
the sample surrounded with a higher value of  dielectric constant than that of air ( �Æm = 1). 
These unidentified peaks had been assigned to SO phonon modes originating from surface 
roughness or even surface modulation in 1-D MQW a nanopillars (Fig. 13b).   
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Fig. 14. Spectra for wet chemical (KOH) etched nanopillars with the excitations of (a) 632.8 
nm, with inset showing the deta iled spectrum in the 500–600 cm�ï1 range and (b) 532 nm 
laser lines with inset showing the Lorentzian fits for multiple peaks in the 625–775 cm �ï1 
range. (Wu et al., 2009 Copyright © John Wiley & Sons, Ltd.) 

The plots of �ÚSO for GaN as a function of qr dispersion relation of SO modes for these 1-D 
MQW nanopillars, taking into consideration of cy lindrical geometry, is shown in figure 15b.  
 

 
Fig. 15. a) Raman spectra for wet-etched nanopillars immersed in aniline (�Æ = 2.54) and in air 
(�Æ = 1) with the excitation of the 532 nm laser line. Lorentzian fits for multiple peaks are also 
shown for the spectrum recorded with aniline. b) Calculated SO phonon modes of GaN as a 
function of qr: full curve, SO(E1); dashed curve, SO(A1); horizontal full and dashed lines are 
the TO and LO wavenumbers of E1 and A1 modes, respectively. Vertical lines are marked for 
qr = 0.64 (dotted), qr = 0.99 (dash-dotted), and qr = 1.18. (Wu et al., 2008 Copyright © John 
Wiley & Sons, Ltd.) 
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The wavelength �Ì = 2�Ñ/q, corresponding to the SO potential (perturbation), has been 
estimated as �ý250–300 nm for the nanopillars (using the dispersion relations in Fig. 15b with 
various excitations). Surface roughness with a modulation of �ý25 nm is observed (Fig. 14b) 
in these nanostructures. Modulation length wi th any integral multiple equivalent to the �Ì 
(10×25 nm=250 nm or 12×25 nm=300 nm) will be sufficient to initiate breakdown of 
translational symmetry for the contribution of the SO potential towards the SO phonons and 
to make the intensity of the SO modes comparable to that of other phonons. The origin of 
the broad new peak in the range of 665–699 cm�ï1 can be assigned to the SO modes 
corresponding to 1-D GaN and In 0.15 Ga0.85N. 

2.2 SO phonons in rectangular geometry  
The theoretical prediction for the SO modes varies from circular cross section wires to 
rectangular. However, there is no analytical expression for SO modes in rectangular cross 
section wires. Nevertheless, the dielectric continuum (DC) model approach that has been 
used for cylindrical nanowires remains the mo st elegant method and provides analytical 
expressions for � SO(q) vs � m for rectangular wires with further approximation,. An 
approximate DC model for rectangular wires has been introduced by Stroscio and co-
workers (Stroscio et al,. 1990; Stroscio et al., 2001) that neglects the exponentially decaying 
electrostatic fields emanating from the corner regions. This assumption makes the problem 
separable in the plane perpendicular to the wire  axis. The following dispersion relations is 
obtained for the SO phonons upon imposition of the usual electrostatic boundary 
conditions; 

 �ó�ê��(� ) �–�ƒ�•�Š�: �M�Ü�.�Ü�����t�; 
E �� �ó�à��= 0,  (8a) 

 �ó�ê��(� ) �…�‘�–�Š�: �M�Ü�.�Ü�����t�; 
E �� �ó�à��= 0, (8b) 

Equation 8a is the symmetric (S) mode and equation 8b is the asymmetric (AS) mode, � w(� m) 
is the dielectric function inside (outside) the wire, Li(i = x,y) is the edge width of the 
rectangular wire whose growth direction is along z, and qi(i = x,y) is the phonon wavevector. 
We must have, 

 �M�v�6 
 E � M�w
�6 
 L � M�6 (9a) 

 �M�v���v 
 L � M�w���w (9b) 

where equation 9b is the requirement that potentials of optic phonons in the x and y 
directions should have the same parity. Negl ecting the damping and crystal anisotropy, the 
dielectric function � w(� ) can be expressed as,  

 �ó�:�ñ�; 
 L � ó�¶ ��
� �½�À

�. �?� �.

� �Å�À
�. �?� �.   (10) 

and the Lyddane-Sachs-Teller (Yu and Cardona, 1999) relation gives 

 
�"�,
�" �¶


 L � �
� �½�À

�.

� �Å�À
�.   (11) 

where � 0 and � �  are low and high-frequency values of � (� ), respectively. We can solve for the 
S and AS mode SO phonon dispersions from equations 1-4: 
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���ñ�Ì�È
�6 �:�M�;�Ì 
 L � � � ñ�Å�È

�6 �\
�ó�¶ �>�ó�4�–�ƒ�•�Š�: �M�Ü�.�Ü�����t�; 
E �� �ó�à���?

�ó�4�>�ó�¶ �–�ƒ�•�Š�: �M�Ü�.�Ü�����t�; 
E �� �ó�à���?
�] 

  = �ñ�Í�È
�6 �R

�"�, �r�_�l�f�: �ä�Ô�Å�Ô�����6�;�>���"�Ø��

�"�® �r�_�l�f�: �ä�Ô�Å�Ô�����6�;�>���"�Ø��
�S (12) 

�ñ�Ì�È
�6 �:�M�;�º�Ì 
 L � � � ñ�Å�È

�6 �\
�ó�¶ �>�ó�4�…�‘�–�Š�: �M�Ü�.�Ü�����t�; 
E�� �ó�à���?

�ó�4�>�ó�¶ �…�‘�–�Š�: �M�Ü�.�Ü�����t�; 
E�� �ó�à���?
�] 

   
 L � ñ�Í�È
�6 �R

�"�, �a�m�r�f�: �ä�Ô�Å�Ô�����6�;�>���"�Ø��

�"�® �a�m�r�f�: �ä�Ô�Å�Ô�����6�;�>���"�Ø��
�S (13) 

for nanowires with infinite edge length, i.e. L�D�’ , tanh (qL/2)�D1, and coth (qL/2)�D1; both 
symmetric (12) and asymmetric modes (13) recover again the SO phonon frequency of an 
infinite flat semiconductor surface expressed by (5).    

2.2.1 ZnS nanowire  
High crystalline, rectangular cross-sectional un iaxial wurtzite ZnS nanowires is grown along 
either a-axis ([100]) or the c axis ([001]) and details phonon spectra have been discussed by 
Xiong et al., (2004). The crystal anisotropy and the two growth orientations make the 
calculations even more complicated. Isotropic equation has been employed to capture the 
essential physical ideas without too much complic ation. An exact treatment for the dielectric 
function and the Lyddane–Sachs–Teller relation for uniaxial wurtzite crystals can be found. 
For wurtzite ZnS, �Æ11(�’ ) and �Æ33(�’ ) vary from 8.25 to 8.76. As an isotropic approximation of �Æ0 
= 8.3 and �Æ�’  = 5.11 from and �ÚLO = 346.5 cm�ï1 are made. 
 

 
Fig. 16. (a) Raman spectrum of ZnS nanowires collected in air (�Ým=1). Two insets show 
Lorentzian line shape analysis of LO (346 cm-1) and SO (335 cm-1) modes and TO doublet 
(269, 282 cm-1), (b) Variation of SO band peak positions as a function of the dielectric 
constants of the overlaying media. (Xiong et al., 2004 Copyright © American Chemical 
Society; Applied for permission). 

Raman spectrum of rectangular cross section ZnS nanowires collected at room temperature 
in air is show in figure 16. Strong first- order LO scattering has been observed at 346 cm�ï1 
and a TO doublet has been reported at 269 and 282 cm�ï1. Some broad continuum scattering 
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