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1. Introduction

Novel properties offered by self assembled nanowires (NWs) based on III-V materials, make
them a potential candidate for electronic and optoelectronic industry. An emerging field,
“spintronic” is of marvellous importance in scientific and technological applications. Dilute
magnetic semiconductors (DMS) specially the discovery of Mn doped III-As [1,2] leads the
way to fabrication of semiconductor spin devices|[3].

A wide number of III-V NWs have been grown by several techniques, including, metal-
organic vapor phase epitaxy [8, 9] and molecular beam epitaxy (MBE) [10]. One major
problem of self assembled nanowires is the presence of defects in these NWs.

Work has been reported on the analysis of defects and disorders in heterostructures, thin
films and in crystals by using the phonon confinement model [11-13]. All these authors gave
the qualitative analysis of defects and disorders in thin films or single crystals but to the best
of our knowledge no one has estimated the defect density in a single NW.

Here, we study the structural defects present along the body of NWs carried out by means
of p-Raman scattering. A detailed analysis of the defect density in GaAs and InAs NWs and
surface phonons will be presented. Phonon confinement model (PCM) will be used to fit the
LO phonon peaks, which also takes into account contribution for asymmetry in the line
shape due to presence of surface optical (SO) phonons and structural defects. This also
allows us to determine the correlation lengths in these wires, the average distance between
defects and defect density in these nanowires. Influence of these defects on SO phonon will
also be investigated. Behavior of SO phonon modes by using the model presented by
Ruppin and Englman will be discussed in detail.

2. Raman spectroscopy

A typical micro-Raman system consists of a microscope, excitation laser, filters, slits,
diffraction grating, necessary optics, detector and post-processing software. Selection of
appropriate light source for micro-Raman spectroscopy is of great importance because the
Raman scattered photon have frequencies shift relative to the excitation frequencies. Raman
signals are usually much weaker than the excitation intensity. For strong scattering material
only one Raman scattered photon can be explored for every 107 incident photons. For the
purpose coherent light source (laser) is preferred due to its high power, monochromatic and
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256 Nanowires

collimated beam nature. Laser light after entering the system is governed by neutral density
(ND) filters. After passing through the spatial filter, which removes the higher order spatial
modes so that the beam achieves a better focus, the light is directed to the microscope to
focus on the sample. Scattered light from the sample is then collected by the objective and
directed to the spectrometer. On its return path elastically scattered light is filtered by the
holographic filter. Raman light is then separated by the diffraction grating into discrete
wavelengths, where each frequency is measured simultaneously. Final Raman signal is then
directed to the CCD detector. Assuming a static scan is made, only a finite range of
wavelengths reach the CCD via the diffraction grating. Photoelectrons are created in the
CCD upon exposure to the scattered beam. The dispersed beam is spread vertically across
horizontal lines of pixels, which are binned, or summed, to integrate each signal. This
electric signal is then processed by the integrated system software.
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Fig. 1. Schematic of micro-Raman spectrometer. Where a collimated monochromatic light
beam is focused on the sample and scattered light is directed through the optics of
spectrometer and measured by CCD detector.

In the present case Raman spectra from the GaAs and InAs NWs grown on different
substrates (5i0,, GaAs (001) and GaAs (111)B substrates) with different catalysts (Au, Mn)
by using MBE growth technique, were recorded at room temperature by using the Renishaw
1000 micro-Raman system equipped with CCD detector in pure backscattering geometry,
with the wires lying in the plane of incidence of the incoming light. The excitation source
was 514.5 nm line of an Ar* ion laser with a spot diameter of about 400 nm and excitation
density of 1.67 mW/um?2 for GaAs NWs and 0.56 mW /um? for InAs NWs. Other details of
NWs growth and Raman experimentation can be found in reference [7, 18- 21]. In order to
measure the light scattered by single nanowires, after the growth, the wires were
mechanically transferred onto a Si substrate. All the data presented here was obtained from
single nanowire scattering. To achieve a statistically significance into the NW quality Raman
spectra were taken on hundreds of wires.
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3. Growth of the nanowires

GaAs and InAs NWs were synthesized by means of solid source molecular beam epitaxy at
different growth temperatures ((540-620) °C for Mn-assisted GaAs NWs; (580-620) °C for
Au-assisted GaAs NWs, and (390-430) °C for InAs NWs independently of the catalyst used)
on SiO,, ox-GaAs (100), and GaAs(111)B substrates. For the growth of NWs 1 nm of Mn or
Au-catalyst was used. High density of NWs has been obtained on SiO» for either Au or Mn-
catalyzed GaAs NWs (Figure 2 (a) & (b)). NW length was found as high as 20 um with the

diameter in the range from few tens to about 200 nm. GaAs (100) and GaAs (111)B substrate
gives the oriented NWs, which are much shorter than the NWs grown on SiO; (Figure 2 (c)
& (d)). Figure 2(e) and 2(f) show the InAs NWs obtained on SiO; with the use of Au or Mn
as catalyst, respectively.

T, gl

. “‘té@!’,} (ON

R, > W,

e A e
Fig. 2. SEM images of Au- and Mn-catalyzed NWs grown on different substrates: (a) Au-
catalyzed GaAs NWs grown on SiO; substrate, (b) Mn-catalyzed GaAs NWs grown on SiO;
substrate, (c) Au-catalyzed GaAs NWs grown on GaAs (111) B, (d) Au-catalyzed GaAs NWs
grown on GaAs (100) substrate, (e) Au-catalyzed InAs NWs grown on SiO; substrate, and (f)
Mn-catalyzed InAs on SiO,. All images are plan views except (c) and (d), which were taken
with the sample tilted by 45°.

4. Raman line shape analysis of GaAs and InAs semiconductor NWs

Raman spectra provide not only the basic structural information about the structure under
investigation but also subtle spectra alterations can be used to access the nano-scale
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structural changes. In III-V and other crystals with zincblende structure, the long range
Coulomb forces split the LO and TO phonons at small k [22]. according to Raman selection
rules only LO phonon can be observed in the backscattering geometry from <100> surface.
But defects and electric field affects the scattering efficiency and the line shape of LO
phonons. Therefore the line shape and FWHM of Raman mode provide useful information
about the quality of semiconductor nanostructures. TO phonon scattering is forbidden in the
backscattering geometry. However, structural disorder, alloy disorder and impurities can
break the selection rule and activate the TO phonon. A Raman spectrum is therefore, a
unique tool for probing the structural defects in nanostructures. In nanostructures the
Raman spectrum remains sufficiently similar to that of the corresponding bulk material to
facilitate the direct identification of the material. Once the Raman spectra are known,
structural defects can be characterized through the mode variation [11, 23]. Besides, the
observation of any theoretically forbidden mode is a very sensitive probe of lattice
distortions.
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Fig. 3. Raman spectra of (a) GaAs and (b) InAs NWs in comparison of their respective bulk

spectra. Surface phonon mode activated in NWs is marked by solid triangle. Inset shows the

clear splitting of LO phonon mode indicating the SO phonon by solid triangle. Green curves

in inset indicate the lorentzian fitting [20].

Micro-Raman spectroscopy is particularly well suited to study the III-V semiconductor
NWs, because it gives good signal of the 1st order Raman spectra for both LO and TO
phonons of III-V semiconductor material. Figure 3 illustrate this fact, where the
representative Raman spectra of (a) GaAs NWs and (b) InAs NWs grown with two different
catalysts, Au-catalyzed NWs (top spectrum), Mn-catalyzed NWs (middle spectrum) and
GaAs epilayers or InAs bulk (bottom-most spectrum) are shown [20]. Raman spectra shown
in Figure 3 are for the NWs grown on SiO; substrate. Raman spectra of GaAs epilayers gives
TO peak at ~266.15 cm! and LO peak at ~ 290.59 cm-, while InAs bulk gives TO peak at
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Fig. 4. Raman spectra taken at different points of single NW of (a) Au- and (b) Mn-catalyzed
GaAs NWs. The inset schematically shows the single NW indicating the points where
Raman spectra are taken.
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Fig. 5. Raman spectra taken at different points of single NW of (a) Au- and (b) Mn-catalyzed
InAs NWs. The inset schematically shows the single NW indicating the points where Raman
spectra are taken.
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~217.14 cm! and LO peak at ~ 237.50 cm-!. Raman spectrum of NWs shows that both TO
and LO peaks are shifted toward lower energy with asymmetrical broadening. There is
another peak observed between LO and TO phonon peak marked by inverted solid triangle
in the Figure 3 (a) & (b), which can be related to the surface optical phonon (SO). Inset
shows the clear splitting of LO phonon mode indicating the SO phonon by solid triangle.
Solid black lines in the inset are the experimentally recorded data while green lines are
results from a multiple Lorentzian fit. This peak is not resolvable in all the cases. Where this
peak is not resolvable, LO peak shows more broadening and asymmetry due to weak
contribution from the SO phonon. In those cases where this peak was not resolvable
multiple Lorentzian fitting was done to resolve the LO peak in two peaks for having the
contribution of SO phonons in LO peak. LO phonon lines were fitted with PCM to
determine the correlation length, which also include SO phonon contribution. A detailed
analysis of SO phonons and the influence of defects (in terms of correlation length) on SO
phonons will be discussed later in this paper. In case of GaAs NWs there is another peak
observed at ~ 255 cm! on low energy side of TO phonon.

The downshift in Raman lines observed in the wires is always larger for the LO phonon than
for the TO phonon at low excitation intensities. The downshift with respect to epilayer
shows variation from wire to wire and even within single nanowire. Figure 4 shows the
single NW Micro-Raman spectra taken along the axis of the NW for (a) Au-catalyzed and (b)
Mn-catalyzed GaAs NWs. Inset shows the schematic of the NW indicating the points where
spectra has been taken. The spectra confirm that downshift varies even within a single NW.
It also shows that the peak at 255 cm! is not found in all GaAs NWs. Figure 5 shows the
single NW Micro-Raman spectra for (a) Au and (b) Mn-catalyzed InAs NWs. As for the shift
measured for the LO phonon, however, in all those cases where no SO line is clearly
distinguishable, the real LO downshift is smaller by a few cm~! because of the presence of
SO contribution that could not be resolved. This is in particular important for all the largest
values given. Within a single wire the variation in the LO energy downshift is in general
smaller, varying less than a factor of 2, except for very few wires, where the measured
variation is larger.

In all of the spectra we have observed that the TO phonon appears much more intense than
the LO phonon, independently of the wire orientation with respect to the plane of
measurement. The intensity ratio Ito/I.o for NWs was found to be much larger (>1.5) than
the Ito/I o ratio of the GaAs epilayers (< 0.1). Similar ratios have also been reported by other
groups for III-V NWs [8, 24]. The Ito/ILo intensity ratio strongly depends on the crystal
orientation, geometry of the measurement but also on the surface electric field [see, e.g., 25].
Our wires have a wurtzite crystal lattice and grown in the (0001) direction [7, 26] with large
surface-to-volume ratio. Therefore, surface electric field may play an important role in
determining the TO and LO line intensity.

4.1 Factors affecting the downshift and asymmetrical broadening of LO and TO
phonons

Peak shift (red shift or blue shift) and asymmetrical broadening of Raman line shape may
lead to the important information related to the system under investigation. Many factors
can be involved in this shift and broadening of the Raman line shape. Tensile and
compressive stress causes the Raman band to red shift and blue shift, respectively.
Disordered and low dimensional systems (nanowires and quantum dots) lead to the
asymmetrical broadening and downshift of the one-phonon Raman band. But another
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factor that results in downshift and asymmetrical broadening of 1st order Raman band is the
thermal heating process, which results in softening of the lattice parameter with increasing
temperature and leading to the fano line shape. Detailed studies of the temperature
dependence of the first order Raman band have been reported by many authors [27].

Piscanec and co-workers pointed out for Si NWs [30], heating of the wires by the impinging
light lead to a downshift of the phonon energy. Similar effect was observed in present case
of III-V NWs. This is shown in Figure 6(a) where we depict two spectra taken on Au-
catalysed GaAs wire at two different excitation intensities. Figure 6(b) and 6(c) shows the
energy downshift as a function of the excitation intensity representative for GaAs and InAS
NWs, respectively. A clear saturation is observed at low intensities and below Ip/10 (where
Iy is the incident laser intensity) no further reduction of the downshift is observed. This
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Fig. 6. (a) Raman spectra of an Au-catalyzed GaAs NW at different excitation intensities
showing the TO peak shift due to heating effect: the red solid curve is taken with an
excitation intensity ten times higher than the blue dotted curve. The red curve has been
shifted upward for sake of clarity. (b) LO (black squares) and TO (red rhombuses) phonon
line energies vs the excitation intensity. The data, given for a single wire, are representative
of the general behavior. The black and red lines are the energy position of LO and TO
phonons in the epitaxial GaAs. (c) The same as in (b) but for InAs.
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behaviour has been observed to be quantitatively similar in all of the several wires
investigated by p-Raman belonging to both GaAs and InAs. Therefore, in order to avoid
heating-induced downshift, all of the other data shown, analysed and discussed here have
been recorded at excitation intensities that do not induce a measurable lattice heating in the
wires. We notice that weaker light intensities are necessary to avoid heating for InAs NWs
compared to GaAs NWs. This is easily explained by the fact that the band-gap of InAs is
smaller than that of GaAs. The e-h pairs excited by the green light hence have a higher extra
energy to be dissipated through the crystal lattice.

Small physical dimensions of the material may lead to a downshift and a broadening of the
LO-Raman line because of the relaxation of the g = 0 selection rule. The size of our wires
with diameter 20 nm to 200 nm, however, is too large to explain the observed downshift by
the reduced size of the NWs. Calculations by Campbell and Fauchet [34] in the case of an
infinitely long cylindrical microstructure showed that a diameter below 3 nm is required to
downshift the LO feature by 4 cm1. The diameter of our NWs is 10 to 70 times larger, ruling
out this type of explanation. As discussed below, we suggest that the relaxation of the g =0
selection rule that can explain our data is due to the presence of lattice defects in the
nanowires.

Downshift and broadening of the LO phonon line can be understood in the framework of
the same “Phonon confinement model” proposed by Richter et al. [11] and by Tiong and
coworkers [35] and generalized by Campbell and Fauchet [34] that has also been used to
explain the size-induced energy downshift observed for very small NWs. This model was
proposed to describe the crystalline quality by introducing a parameter known as
correlation length, which is defined as the average size of the material homogeneity region.
Correlation length may correspond to the actual grain size, average distance between
defects, distribution of atoms in nominally disordered semiconducting alloys, and short
range clustering in semiconducting alloys [11, 23, 36-37]. However, in our case the
downshift of the Raman line gives account for the average size of defect-less regions, the
smaller giving rise to larger downshifts.

The peak on low energy side of the TO phonons (at ~ 255cm-1) can be assigned to the Raman
scattering from the oxidized GaAs [38-39]. The assignment is also supported by the remark
that this peak is observed with higher probability in Mn-catalyzed wires that show larger
oxidized sidewalls than those catalyzed by Au [7].

5. Phonon confinement model (PCM)

One way to investigate the lattice disorders is the Raman line shape analysis using “the
phonon confinement model (PCM)”. This model describe the crystalline quality by the
introduction of an important parameter known as “correlation length”, defined as the
average size of the material homogeneity region i.e., the average distance between two
defects [11].

Malayah et al. [23] study the misfit dislocation density near the interface in a GaAs/Si
hetrostructure by using the Raman line-shape analysis. They calculate the broadening and
frequency shift of the LO and TO phonons corresponding to the correlation length (the
average distance between two defects) by using PCM as shown in Figure 7. By locating the
experimental values of frequency shift corresponding value of the correlation length can
easily be calculated. They also compare the values of the defect density calculated by the
PCM with that of the found by TEM and prove that Raman spectroscopy is as good as that
of TEM for finding the defect density in any structure.
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Fig. 7. Calculation performed using the PCM. The peak position shift and broadening scales
are for both LO and TO modes. The dot refer to values of the broadening at the interface
deduced from the fitting procedure [23].

The phonon confinement introduces additional contributions on the low frequency side of
the single crystal phonon mode and resulting peak becomes asymmetric. Normally
momentum conservation in single crystals allows only phonon modes with a wave vector
g ~ 0 (close to the centre of the Brillouin zone). In phonon confinement model broadening is
ascribed to the relaxation of the g ~ 0 selection rule in the small confinement region when
vibrational modes away from the BZ centre contribute to the Raman scattering. The shift in
LO peak energy is proportional to the phonon confinement region. Phonon can be confined
by any “spatially limiting” feature in the confinement region (e.g., twins, stacking faults,
vacancies, boundaries, pores efc). According to the phonon confinement model (PCM), the
Raman line intensity, I (0) at the frequency o can be written as [11]:

C(0,q) d°g

(o) +( 2] "’

I(0) = IBZ

272
q°L
2 - 2 \\. . . . . A o
where |C(O,q)| =e 7 is the Fourier coefficient, q is wave vector, L is the average distance

between defects, Iy is the natural line width (FWHM) and ®(g) is LO phonon dispersion. For
the LO phonon frequency dispersion, the linear-chain model has been used [40], which gives

o()=C \/Ml +M, + \/Mf + M +2M, M,Cos(qa) . )

MlMZ
For GaAs, a is the lattice constant, M; and M, are the atomic masses of Ga and As,
respectively and C’ is the fitting parameter. For semiconductor quantum dots (QDs),

nanowires (NWs) or slabs, PCM is easily adapted using the appropriate expressions for the
d3q integration volume in equation (1).
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Figure 8 shows calculated line shape of LO-phonon lines of GaAs by using the equation (1)
and equation (2). The parameters used in equation (2) were M;=69.723amu for Ga,
M,=74.922 amu for As and a=5.6533A at 300 K for GaAs. The curves shown in Figure 8 were
calculated for correlation lengths (L) of 30 nm, 20 nm, 10 nm, 5 nm and 3 nm. The value of I'y
was taken ~4.5cm! in the present case. Figure 8 shows that as the correlation length is
decreasing (i.e., confinement is increasing), LO line shape is more and more asymmetric
along with shift towards low energy side. This clearly indicates that the downshift of the
peak energy and asymmetrical broadening of the peak is mainly due to the contribution of
the low energy phonons.

Raman Intensity (arb.units)

270 280 290 300 310
Raman shift (cm™)

Fig. 8. Calculated Raman line shape of GaAs for different correlation lengths as calculated
by using phonon confinement model [11] for GaAs. At 20nm and above 20nm the line shape
is almost Lorentzian as the correlation length decreases below 20nm the line shape becomes
asymmetric and downshifts

5.1 Defect density in GaAs and InAs NWs

Figures 9 (a) and (b) show the representative of the fitting of experimental LO phonon mode
using equation 1 for the case of GaAs NWs (Figure 9 (a)) and InAs NWs (Figure 9 (b)). The
fit shown in Figure 9 (a) gives the correlation length “ L=(10.00 £0.41)nm ” in Mn-catalyzed
GaAs NWs. The fit shown in Figure 9 (b) gives the correlation length “ L=(16.00 + 0.35)nm ”
in Mn-catalyzed InAs NWs showing the good agreement of experimental data with
theoretical curves.

The correlation lengths (L) obtained from LO fit for different samples of GaAs NWs were
found in a range of 2 nm to 20 nm as summarized in Figure 10 (a) along with curves
calculated by using equation 1. In our case, NWs lengths are as large as 20 pm while the
diameters range from few tens to about 200 nm, therefore, by considering the nanowire
length equal to 20 um and the range of correlation length from 2 nm to 20 nm, defect
(stacking faults) density would correspond to 0.5 to 0.05 defects/nm, respectively for GaAs
NWs.
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Fig. 9. Representative of the LO band in the Raman spectrum of Mn-catalyzed (a) GaAs
NWs (b) InAs NWs along with the theoretical fitted curve by using the “phonon
confinement model ”. The correlation length (L) =10 nm for GaAs and 16 nm for InAs NWs.
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Fig. 10. Correlation length versus LO peak shift for Mn-catalyzed (dots) and Au-catalyzed
(squares) (a) GaAs NWs & (b) InAs NWs in comparison of the theoretically calculated curve

for GaAs and InAs bulk, respectively.
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Figure 10 (b) shows the correlation length versus LO peak shift for Mn-catalyzed (dots) and
Au-catalyzed (squares) InAs NWs in comparison of the theoretically calculated curve for
InAs bulk. In case of InAs NWs correlation length was found to be in the range of
(1.0 £ 0.8)nm to (25.0 + 1.5)nm for Au-catalyzed and (1.3 £ 1.0)nm to (22.0 £ 0.8)nm for Mn-
catalyzed NWs. Similar to GaAs NWs taking the InAs NW length equal to 20 um and
correlation length from 1 nm to 25 nm defect density (staking faults) corresponds to 1.00 to
0.04 defects/nm, respectively.

The fluctuations of the downshifts of the Raman line can then be understood to be due to
variations in the defect density within the same growth batch or different batches, and in the
same wire [18]. A similar explanation of the downshift of the Raman lines in Si NWs was
given in the paper by Li and co-workers [41]. The smaller shift of the TO phonon is due to its
smoother dispersion curve [42]. From the energy downshift the average dimension of the
defect-free regions can be deduced.

6. Surface optical (SO) phonons

Surface optical (SO) phonons, activated due to vibrations confined to near-surface region,
are observed in the compound semiconductors when the translational symmetry of the
surface potential is broken. So far, SO phonon modes have been studied in thin films [43]
and in micro-crystals [44], but not much literature is available on SO phonons in nanowire
Gupta et al. [45] studied SO phonons in GaP nanowires. They clearly show that the SO
phonon peak becomes more pronounced and downshifted with the increase of dielectric
constant of surrounding medium. They also identified the symmetry breaking mechanism
necessary for activating the SO mode with a diameter modulation along the wire, which
arises from instability in the vapor-liquid-solid (VLS) growth mechanism. The dominant
wavelength of this modulation was observed in TEM and found to be consistent with the
theory for the band position.

Xiong et al. [46] studied the SO phonons in wurtzite ZnS nanowires. They studied the highly
crystalline, rectangular cross-sectional W-ZnS nanowires grown by laser ablation. Similarly
to the work of Gupta, they show that the downshift of the SO phonon frequency depends
on the dielectric constant of surrounding medium. They also show that the dispersion of SO
modes in wires with rectangular or circular cross section differs.

Spirkoska et al. [47] studied the effect of size and surrounding medium on the self catalytic
GaAs NWs grown by MBE technique. They found that SO phonons are activated in the
NWs with average diameter of 160 nm. By comparing the experimental data with that of
theoretical curve they observe the larger shift in the SO phonon position especially for larger
diameter. This larger shift was related to the hexagonal cross-section of the nanowires.
Above mentioned studies refer to the SO phonon mode activation due to the confinement
along the diameter of the nanowires using the simple model based on electromagnetic
theory proposed by Ruppin and Englman [49]. According to that model surface phonon
frequencies in the cylinder can be calculated by the expression [49]:

E —&
Wgp = Wrp go _;12 ’ 3)
0 m
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where wso is surface phonon frequency; wro is TO phonon frequency; &,, &, are static
dielectric and dynamic dielectric constants, respectively; ¢, is dielectric constant of the

m
surrounding medium and

— [Kl(x)lo(x)] (4)
[Ko (x)1; ()]
where I, K, are the modified Bessel functions and x = gr (r being the radius of the NW).

This model was successfully applied to describe the SO phonon spectra of microcrystalline
spheres [44], GaAs NWs [47], Si NWs [48], and GaAs cylinders [50].

0

6.1 Surface optical phonons in GaAs and InAs NWs

There is another peak observed between LO and TO phonon peak marked by inverted solid
triangle in the Figure 3 (a) & (b). We ascribe it as the surface optical phonon (SO). Inset
shows the clear splitting of LO phonon mode and the SO phonon. Solid black lines in the
inset are the experimentally recorded data while green lines are multiple peaks Lorentzian
fit. This peak is not resolvable in all the cases. In case, this peak is not resolvable, LO peak
shows more broadening and asymmetry probably due to weak contribution from the SO
phonon. LO phonon lines were fitted with PCM to determine the correlation length, which
also include SO phonon contribution.

SO modes are found to be activated in the cylinders with large surface to volume ratio and
are simply related to the characteristic shape of the cylinder [47, 48, 50]. SO phonons are
sensitive to the crystal defects and surface roughness. The position of the SO phonon modes
depends on the dielectric constant of the medium that is surrounding the wires as well as on
the diameter of the wires. In large crystals, phonons propagate to infinity and the 1st order
Raman spectrum only consists of g ~ 0 phonon modes. When crystalline perfection is
destroyed due to lattice disorder and defects, symmetry forbidden modes (like SO phonon
modes) are activated and become stronger with increasing defect density.
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Fig. 11. Variation of LO and SO peaks of (a) GaAs and (b) InAs versus the correlation length
as calculated by using the phonon confinement model (PCM).

www.intechopen.com



268 Nanowires

SO phonons are activated when surface potential along the axis of the NW is perturbed by a
strong component of wavevector gq. Considering g = 2k = 47/, be the same as scattering
vector in the back scattering geometry. Then for A, = 514.5 nm corresponding value of g will
be 0.0244 nm-1l. By using the peak position of SO phonons the corresponding diameter of
NWs can easily be found from equations (3) and (4). If we take for GaAs NWs average value
of Wso(exp) = 283.61 cm1 then corresponding diameter of NW (d = 2r = 2(x/q) calculated from
equations (3) and (4) is ~45 nm, which lies in spread in the range of NWs diameter measured
by SEM [7, 18, 26]. Similarly for InAs NWs with average wsoexp) = 228.84 cm-1 it is found the
corresponding diameter of NW ~88 nm.
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Fig. 12. Raman spectra of GaAs NWs for different correlation lengths showing that as the
correlation length decreases, the SO phonon becomes stronger.

Many factors perturb the surface potential necessary for the SO phonon activation. This
includes surface roughness of the NWs and the modulation of diameter along the growth
direction during the VLS growth of the NWs [48]. During VLS growth the NWs grow
continuously with the periodically modulated growth rate due to periodic
change/modulation of available chemical species in the catalyst droplet. As a result of this
modulation droplet will reshape periodically between nearly spherical and nearly
ellipsoidal resulting in the formation of polytypic structure in the NWs and thus the
stacking faults and twinning in the body of the NW [51]. Adu et al. [48] believe that the
observation of SO modes should be a general indication of diameter modulation in the
NWs.

In order to see the effect of defects (probably stacking faults in the present case) multiple
curve fitting of the LO peak was carried out to determine the SO peak position. Correlation
length corresponding to the curve containing both LO and SO elements was calculated by
using the PCM. Figure 11 shows the behaviour of LO and SO phonons with correlation
length for GaAs and InAs. The frequencies of SO phonon modes are found to be more
sensitive to correlation length than LO phonon and for L < 30 nm, SO phonon energy can
easily be separated from that of the LO phonon energy. When L varies from 10 nm to 1 nm
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Fig. 14. Comparison of experimental and theoretical results for SO phonon vs correlation
length. Solid line indicates the curve calculated by using the model presented by Ruppin et
al. [49] for two different values of the dielectric constant of the surrounding medium.
Experimental data points for Mn-catalyzed InAs NWs (dots) and Au-catalyzed InAs NWs
(squares) located on the theoretically calculated curve for the SO phonons in terms of
correlation length
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SO phonon shows downshift of 11.1 cm?, while LO phonon shows downshift of only
3.2 cm! for GaAs. In case of InAs for variation of L from 10 nm to 1 nm, SO phonon shows
downshift of 14.2 cm? and LO phonon shows downshift of 4.2 cm-1. The energy separation
between the LO and SO phonons of GaAs is found in the range of 0.10 cm? to 12.15 cm-!
(Figure 11) and 0.09 cm? to 14.22cm! for InAs, corresponding to correlation lengths of 100
nm to 1 nm. In case of NWs, where the energy separation was measurable, its value varies
from (2.0 £ 0.4) cm to (8.4 £ 0.3) cm! for GaAs NWs and (0.95 + 0.51) cm-1 to (8.79+ 0.53) cm-1
for InAs NWs, which lies in the calculated range. It also supports our argument that the
peak located between the TO and the LO peaks can indeed be ascribed to Raman scattering
from surface phonons.

Figure 12 shows the representative Raman spectra of the Au-catalyzed GaAs NWs
indicating distinct appearance of SO phonons. The line shape analysis of these spectra gives
correlation lengths of L = 9 nm, 7 nm and 3.5 nm. In Figure 12, it can be seen that for smaller
correlation lengths the SO phonon peak is stronger than LO phonon peak and shifted
downward in energy as was predicted by Ruppin et al. [49]. Figure 13 and 14 shows the
experimental data points of GaAs NWs (Figure 13) and InAs NWs (Figure 14) for Mn-
catalyzed NWs (dots) and Au-catalyzed NWs (squares) located on the theoretically
calculated curves by using the equation (3) for the SO phonons as function of correlation
length. In case of GaAs NWs maximum data of Au-catalyzed NWs shows good agreement
for &, = 1, while for the case of Mn-catalyzed NWs, ¢,, lies between 1 and 4. In case of InAs
NWs, &, lies between 1 and 3 irrespective of the catalyst used. This variation of the dielectric
constant can be justified by considering the oxide layer that surrounds the NWs.

As reported in Sec. 3, for the case of GaAs NWs, Au-catalyzed NWs have very thin oxide
layer of only 1 nm thickness and Mn-catalyzed NWs have thick oxide layer of 4 nm [7, 18].
Similar to GaAs NWs thick oxide layer (2 nm to 3 nm) is surrounding the InAs NWs in both
Au and Mn-catalyst [19]. This oxide layer consists of oxides of Ga, In and As, which have
larger dielectric constant. This variation in the thickness of oxide layer may cause the
variation in dielectric constant.

7. Conclusions

In this chapter, Raman characterization of GaAs and InAs NWs was carried out. GaAs and
InAs NWs grown by MBE technique on different substrates at different temperatures by
using Au and Mn as catalyst were characterized by Raman spectroscopy for their optical
and structural quality. Raman spectra of GaAs and InAs NWs shows the downshift of LO
and TO phonons along with asymmetrical broadening. This downshift and asymmetrical
broadening of LO and TO phonons was related to the defects present in the body of the
NWs. Variation in the downshift of LO and TO phonons was explained in terms of the
defect density. Oxide related peaks on low energy side of the TO phonon were also
observed in both Au and Mn-catalyzed GaAs NWs.

Phonon confinement model was used to calculate the average distance between the defects
(i.e., correlation length) and the defect density. Correlation lengths determined were (2.0 + 0.1)
nm to (15.0 + 0.5) nm for Au-catalyzed and (2.0 + 0.8) nm to (20.0 + 1.5) nm for Mn-catalyzed
GaAs NWs. In case of InAs NWs, correlation length was found to be in the range of (1.0 £ 0.8)
nm to (25.0 £ 1.5) nm for Au-catalyzed and (1.3 + 1.0) nm to (22.0 £ 0.8) nm for Mn-catalyzed
NWs. The ccorrelation lengths in InAs and GaAs NWs were found comparable in both Au
and Mn-catalyzed NWs.

SO phonons were also found to be activated in both types of NWs. In samples with shorter
correlation length SO phonons are more pronounced and stronger as was predicted by
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electromagnetic theory. An important conclusion drawn from the present study is that the
structural quality of Mn-catalyzed NWs is comparable to that of Au-catalyzed wires, a
feature that confirms Mn as an interesting alternative catalyst, especially in view of the
possible fabrication of dilute ferromagnetic III-V based nanowires. Our results prove that
Raman spectroscopy is a useful tool for rapid screening of the structural quality of
semiconductor nanowires. This type of screening is important to give a picture of the real
quality of the NWs growth.
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