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A lack of dependence of the Raman frequency of optical vibrational modes on excitation wavelength
in polar nanosemiconductors was observed. This is in contrast to the earlier observed dependence in
nonpolar nanomaterials: carbon nanotubes and Si nanowires. This difference has been ascribed to
the different crystallographic natures of their Raman spectra: crystalline for nonpolar and
amorphous for polar nanosemiconductors. The result has been explored theoretically to the Raman
spectra being insensitive to sample sizes and thus indicates that the size confinement effect, a basic

effect in nanomaterials, does not exhibit

in the optical vibrational modes

of polar

nanosemiconductors. © 2006 American Institute of Physics. [DOIL: 10.1063/1.2335622]

Nanomaterials have promised huge potentials in science
and technology. Raman spectroscopy has become one of the
preferred choices to characterize and investigate
nanomaterials."* In conventional Raman spectroscopy, Ra-
man frequency does not shift with excitation wavelength.3
However, this characteristic was found invalid in the optical
vibrational modes of nonpolar nanomaterials, which was as-
cribed to the resonant size selection effect.*” Thus one ex-
pected that the similar phenomenon should be present in
other nanomaterials.” We report in this letter a study on the
above expectation5 in polar nanosemiconductors.

The polar nanosemiconductor samples used were ZnO
nanoparticles (NPs),® GaN NPs,” SiC nanorods (NRs),® and
CdSe NRs.” Spectral measurements were performed using a
Renishaw 1000 Raman microprobe and a Fourier Raman
spectrophotometer (RFS) (100/s Bruker NIR-FT spectropho-
tometer) excited by 325, 488, 515, 633, 785, and 1064 nm
lasers at room temperature in the backscattering geometry.
The high resolution transmission electron microscope
(HRTEM) images were obtained from a Hitachi H-9000NAR
transmission electron microscope, with an accelerating volt-
age of 300 kV.

The HRTEM images in Fig. 1 show that the samples are
consisted of a collection of grains with different sizes. The
average sizes of the inner crystalline grains are 8, 7, 10, and
4 nm for ZnO NPs, GaN NPs, SiC NRs, and CdSe NRs,
respectively. This exhibits that all samples are size-
distributed nanomaterials.

The photoluminescence (PL) spectra of the samples
were measured (not shown). Figure 2 summarizes the energy
regions of optical transition of bulk and nanoscale ZnO,
GaN, SiC, and CdSe determined by PL from this work and
Refs. 10-17.

The Raman spectra with different excitation wavelengths
of the samples are shown in Fig. 3(a). Based on the results
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shown in Figs. 1 and 2, the spectra in Fig. 3(a) were con-
firmed to satisfy the requirement to show the resonant size
selection effect. To see the dependence of Raman frequency
on excitation wavelength clearly in Fig. 3(a), the fitted Ra-
man frequencies are plotted versus excitation wavelength in
Fig. 3(b), in which the lines are drawn to guide the eyes. The
largest variation of the fitted frequencies of all bands is less
than 2—-3 cm™!. Considering that the Raman measurements
were performed with two different Raman instruments and
with several different excitation wavelengths, these devia-
tions are within measurement accuracy. Moreover, we note
that the frequency shift of Si nanowires (NWs) in an excita-
tion energy (wavelength) region of 0.96 eV (488-785 nm) is
17 cm™'.° The frequency shift in Fig. 3, if any, is negligible.
Thus, we conclude that the Raman frequencies of optical
vibrational modes in polar nano-semiconductors do not shift
with excitation wavelength, which is different from the
predication.5

It is well known that the crystalline or amorphous nature
of nanomaterials’ Raman spectra can be identified by fitting
the spectra calculated by the microcrystal model or the amor-
phous model, respectively. In the microcrystal model,'® the
Raman intensity, I(w), is expressed as

_ d’q-|C(0,9)]°
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where w is the Raman frequency, w(q) is the phonon disper-
sion relation, C(0,q) is the weighting function reflecting the
contribution of the mode of the q branch to the total spec-
trum, and Iy is the Raman linewidth.

In the amorphous model," considering that the crystal-
lite orientations of the samples are random, there is no need
to distinguish different polarization. I(w) is expressed as
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FIG. 1. High-resolution TEM images of ZnO NPs, GaN NPs, SiC NRs, and CdSe NRs.
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FIG. 2. Energy regions of optical transition of ZnO, GaN, SiC, and CdSe

determined by PL from this work (light lines) and Refs. 10-17 for bulk
(heavy lines) and nanoscale (thick lines)materials.

I(0) = X Cy(1/w)[1+n(w)1D}(w), (2)
b

where D,(w) is the vibrational density of states (VDOS) of

Raman band b, n(w)=[exp(hw/kT)-1]" is the population

of the vibrational mode at frequency w and C,, is the weight-

ing factor of the b band. Equation (2) can be rewritten to ease

the comparison between calculated and observed spectra as

l(@)g=D,(w), 3)

where I(w)gr=w X I(w)/[1+n(w)] is the reduced Raman in-
tensity derived from the observation of I(w) and D, (w)
=2,C,Dp(w) is the weighted VDOS derived from the calcu-
lation of VDOS.

To identify the crystallographic nature of the observed
spectra, we took Si NWs and SiC NRs as representatives of
nonpolar and polar nanosemiconductors, respectively. In the
calculation of the microcrystal model, we adopted the same
procedure as Ref. 20 by using dispersion curves in Refs. 21
and 22, respectively.

The VDOS calculations of SiC NRs and Si NWs were
carried out by using first-principles method within the frame-
work of density functional theory. In the calculation, Becke’s
1988 exchange function and the correlation function” of Lee
et al. were used.”* All of these calculations were completed
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FIG. 3. (a) Raman spectra excited at various wavelengths; (b) dependence of Raman frequency on excitation wavelength/energy for ZnO NPs, GaN NPs, SiC

NRs, and CdSe NRs.
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FIG. 4. (a) Observed Raman spectra (solid lines) and calculated Raman
spectra by the microcrystal model (dashed lines); (b) reduced Raman spectra
(solid lines) and the weighted VDOSs by the amorphous model (dashed
lines) for Si nanowires and SiC NRs.

by using the GAUSSIAN 03 program package.25 The VDOSs
were decomposed into several bands to match the vibrational
bands of corresponding bulk spectra.26 Finally, D,,(w) was
produced by multiplying coefficient C, obtained by fitting
the reduced spectra.

Figure 4 shows the observed (reduced) and calculated
Raman spectra in solid and dashed lines, respectively. Fitting
was only good for Si NWs using the microcrystal model and
for SiC NRs using the amorphous model. This indicates that
the Raman spectra of Si NWs and SiC NRs possess crystal-
line and amorphous natures, respectively.

We have found that the weighted VDOS of optical
modes in SiC NRs is insensitive to sample size.”” To confirm
this in other polar semiconductors, the VDOSs were calcu-
lated for InSb NPs with 2.10, 3.07, and 4.04 nm. The calcu-
lation was done by the molecular-dynamics method modeled
by cubic molecular clusters and with universal force field.?®
The calculated peak frequencies of optical modes O1 and O2
in VDOS of InSb clusters with various sizes are 150 and
182 cm™!, respectively, as shown in Fig. 5. From Fig. 5, we
can see clearly that the VDOS, i.e., the Raman frequency of
optical modes, does not change with the size of the cluster."

In conclusion, the independence of the Raman frequency
of optical vibrational modes on excitation wavelength was
observed in polar nanosemiconductors, indicating that, un-

InSb NPs
2

LVDOS (arb. units)

30 140 150 160 170 180 190 200
Wavenumber (cm™)

FIG. 5. VDOSs of InSb nanosemiconductors of different sizes calculated by
molecular-dynamics method.
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like nonpolar nanomaterials, polar nanosemiconductors do
not show the resonant size selection effect in the Raman
spectra of optical vibrational modes. This difference has been
interpreted theoretically to be originated from the different
crystallographic natures of their Raman spectra: crystalline
for nonpolar and amorphous for polar nanosemiconductors.
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