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Spatially resolved and polarized micro-Raman spectroscopy has been performed on individual V,05
waveguiding nanoribbons. The experimental results establish that the Raman-antenna patterns are
strongly correlated with the /local positions of the sample, which gives rise to a pronounced intensity
contrast in the polarized mapping for certain phonon modes. The suppressed phonon signals at the
body of a ribbon can be enhanced at the end facets, resulting from the effective waveguiding
propagation along the nanoribbon and strong local electric field intensity at the ends. The
phenomena reported here, in addition to providing insight into the tip effects on optoelectronic
nanodevices, will facilitate the rational design of Raman detection in nanostructures. © 2010

American Institute of Physics. [doi:10.1063/1.3323090]

One-dimensional (1D) nanostructure is expected to be a
critical component in future optoelectronic devices and rep-
resents a unique system for exploring phenomena at the
nanoscale.'” Recently, significant progress has shown that
the optical properties of the 1D specimen exhibit strong po-
larization anisotropy, due to the dielectric constant mismatch
between a nanowire and its surroundings.l4 However, most
of the work focuses only on the spectra from the body of
nanowire, which assumed the nanowire as a circular dielec-
tric cylinder of infinite length.‘k6 Nevertheless, nanowire tips
have different boundary conditions from the body, thus are
expected to affect the optical spectra. In this context, it is
crucial to describe effects at the nanowire tips, which have
been shown to play important roles in nanolasing resonators
to confine photons and tip-enhanced Raman scattering, ete.”
Therefore, spatially resolved imaging of a single nanostruc-
ture, which can provide detailed information on the localized
area of interest, is particularly significant. Micro-confocal
polarized Raman mapping is a promising technique for prob-
ing the physical properties of individual nanostructures in the
rapidly evolving area of nanoscience with a reasonable spa-
tial resolution.”'” In this letter, we report the use of polarized
Raman imaging technique as a local characterization tool of
an individual V,05 nanoribbon. The exquisite spatial sensi-
tivity allows for the distinction between different optical
properties at the ends and body of the sample. It is found that
the natural dependence of Raman tensors and the strong po-
larized local field can lead to two distinct types of Raman-
antenna patterns at the body and tips of one-dimension nano-
structures.

The experimental details can be founded in the supple-
mental information."" Polarized Raman images on individual
nanoribbon, constructed by extracting integrated intensities
of different phonon modes (4,:996 cm™; By,:702 cm™;
and B,,:143 cm™), are shown in Fig. 1(a) by recording the
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data with about 200 nm/pixel and an integration time of 0.5
s/pixel. Considering the polarization dependences, two dis-
tinct homogeneous contrast images of A, modes for different
polarization geometries demonstrate the high crystalline
quality along the nanoribbon,'® which is also consistent with
our TEM result."! Meanwhile, one of the most dramatic phe-
nomena is that, B, (B,,) modes exhibit predominant emis-

sion at the tips in Z(XX)Z configuration in contrast to the
uniform intensity distribution along the nanoribbon for

Z(XY)Z geometry and show a strong polarization depen-
dence. In other words, B, and B,, can be notably enhanced

at end facets of the nanoribbon in Z(XX)Z configuration. Ac-
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FIG. 1. (Color online) (a) Raman images of the nanoribbon constructed by
extracting the integrated intensities of the different modes for Z(XX)Z and
Z(XY)Z polarization configurations. The scale bar is 5 um. (b) Raman scat-
tering signals at the body and tip of sample under Z(XX)Z configuration.
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FIG. 2. (Color online) Polar plots for A,, By, and B,, scattering intensities
vs polarization angle 6, from the body (a) and tip (b) of the nanoribbon,
respectively.

tually, as shown in Fig. 1(b), no obvious intensity change
was observed on A, modes, while pronounced B;, and B,
emission from the tips can be collected (which are labeled
with arrows). Understanding of these results, in addition to
providing insight into geometry-broken induced optical
properties, will facilitate the rational design of Raman detec-
tion in nanostrutures.

To further explore the origin of the phenomenon de-
scribed above, we have compared the angular dependence of
the Raman emission from body and tip of the V,05 nanor-
ibbon which shows striking differences.'’ Note that the
unique rectangle cross-section provides the complete orien-
tation of the crystal axes relative to the plane of the substrate.
So the polarization dependence of different phonon modes
can be Predicted accurately based on the Raman tensor
analysis. ' As shown in Fig. 2(a), the polarization dependent
intensities from the body of nanoribbon are, in general, con-
sistent with the Raman tensor analysis. Therefore, the an-
tenna effects on the body of nanoribbon should have nothing
to do with the phonon confinement. All the A, modes have
the maximum at #=0°, which corresponds to the Z(XX)Z
configuration, while both B;, and B,, modes follow the
square of sine function and get maximum at #=90°, equiva-
lent to the Z(XY)Z configuration. This feature was further
confirmed by the polarized Raman spectra from the body of
sample [Fig. 3(a)], which shows a strong anisotropic behav-
ior. The Raman intensity is normalized to the maximum in-
tensity. Also, the relative intensity for By, (B,,) modes in

Z(XY)Z configuration became predominant compared to that
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FIG. 3. (Color online) Comparison of the normalized polarized Raman

spectra parallel (Z(XX)Z) and orthogonal (Z(XY)Z) to the nanoribbon axis
collected at the body (a) and tip (b) of sample. (c) The simulated field
distribution of a V,0s nanoribbon (400 nmX250 nmX 15 um). (d)
Waveguided Raman spectra out-coupled at the tip of the nanoribbon under
parallel (Z(XX)Z) and perpendicular (Z(XY)Z) polarized collection condi-
tions, respectively.

in Z(XX)Z configuration. In contrast, when we focus the laser
at the tips of nanoribbons, the spectra under different experi-
mental setup exhibit similar line shapes as shown in Fig.
3(b). Furthermore, we surprisingly found that in our case all
the phonon modes detected at the tip exhibit the same dipole-
antenna polarization behavior which can be well-described
by a cos? @ function [Fig. 2(b)]. Actually, in Z(XX)Z configu-
ration (#=0°, corresponding to the nanoribbon axis parallel
to the direction of the analyzer) the B, and B,, modes are
suppressed at the body of sample while enhanced at the ends.
Meanwhile, A, modes do not show much suppression either
at the tip or body of nanoribbon. Thus, we can expect that the
appearance of the bright spots at both tips for Bj,- and
B,,-mode peaks, while homogenous spatial distribution of
the A, emission along the ribbon (as shown in Fig. 1).

The polarization anisotropy is very useful for the selec-
tive detection of certain phonons. Fréchette and Carraro'?
have reported that the large suppression of the depolarized
signal provides an opportunity to increase the sensitivity of
Raman scattering from surface modes relative to bulk modes.
In our case, the results show that the sensitivity of Raman
modes could also be changed due to the local positions. At
the tip of nanoribbon, a different boundary condition could
be expected compared to the middle portion. Recently,
Poborchii'® also reported that the edge brings about a strong
electric field with a resultant Raman signal enhancement.
Combined with the anisotropy of the dielectric susceptibility
tensor, the different electric field components could result
into a change of in/out-coupling efficiency. The local electric
field intensities along the nanoribbon were simulated by fi-
nite element method, as shown in Fig. 3(c). Light (532 nm)
was taken to be incident normal to the nanoribbon axis and
electric field was parallel to the nanoribbon axis (transverse
magnetic polarization). It can be seen that the calculated
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electric field intensity has “hotspots” at the tips of the nan-
oribbon. Under these circumstances, it is conceivable that the
outcoupling is strongly enhanced at the tips of sample, which
would be directly related to the direction of the polarization
of the scattering light.é’14 Hence, the suppressed phonon sig-
nals at the body of a ribbon intensifying at the end facets
could be expected. The results also indicate the potential

applications for polarized tip-emission light source."

In addition, the squared cosine dependency [as shown in
Fig. 2(b)] can be rationalized by considering the effective
waveguiding propagation along the nanoribbon of the nano-
structure and the strong local intensity at the end of the
nanostructures.>'*'® The propagation of Raman signals
along V,05 nanoribbon has been repor‘[ed.2 In the present
case, the suppressed Raman signals can be guided along the
nanoribbon to exit at the tip and result into a strong polarized
outcoupling emission (enhanced parallel to the nanoribbon
axis and suppressed perpendicular to the nanoribbon axis).
To demonstrate the optical propagation effect on V,05 nan-
oribbons, we have explored the spectral variation of polar-
ized Raman-active waveguide emission using a WITEC
CRM200 Raman system.11 It is apparent from the spectra
shown in Fig. 3(d) that intensities of all the Raman modes
were significantly decreased when the collection polarizer
was oriented perpendicular to the long axis of the nanorib-
bon, consistent with the polar plots in Fig. 2(b). By the de-
tailed analysis of the polarization dependence of the emis-
sion, the waveguide-assisted nature of the Raman scattering
has been proven. Several nanoribbons with different cross-
sections were also tested. It was found that polarization an-
isotropy exhibits strong dependence on the cross-section of
samples, which is consistent with Ref. 17. However, detailed
investigation on size-dependent optical dispersion and mode
competition is still in progress.

In summary, this work demonstrates remarkable effects
of nanoribbon ends in Raman scattering. We have studied the
polarized Raman properties of V,05 using confocal micros-
copy. Detailed polarized optical properties analysis indicated
that the polar scattering patterns are mainly governed by bulk
Raman tensors at the body. While at the tip of the sample, the
effective waveguides and tip-enhanced outcoupling would be
directly related to the direction of phonon scattering. This
gives rise to a pronounced Raman intensity contrast along
the sample for certain configuration. The anomalous behav-
ior is expected to be a general effect in other one-dimension
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nanostructures and demonstrates prospects of the tip effect
on optoelectronic nanodevices.
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