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Abstract—Raman scattering (including nonresonant, resonant, and surface enhanced scattering) of light by
optical and surface phonons of ZnO nanocrystals and nanorods has been investigated. It has been found that
the nonresonant and resonant Raman scattering spectra of the nanostructures exhibit typical vibrational
modes, E,(high) and A,(LO), respectively, which are allowed by the selection rules. The deposition of silver
nanoclusters on the surface of nanostructures leads either to an abrupt increase in the intensity (by a factor of
10%) of Raman scattering of light by surface optical phonons or to the appearance of new surface modes,
which indicates the observation of the phenomenon of surface enhanced Raman light scattering. It has been
demonstrated that the frequencies of surface optical phonon modes of the studied nanostructures are in good
agreement with the theoretical values obtained from calculations performed within the effective dielectric

function model.
DOI: 10.1134/S1063776111140184

1. INTRODUCTION

It is known that the phenomenon of surface
enhanced Raman scattering of light consists in
abruptly (up to 10° times) increasing intensity of light
scattering by molecules located either directly on the
surfaces of metals or metal clusters or in the vicinity of
these surfaces. Owing to the surface enhanced Raman
scattering, significant advances have been achieved in
research of optical and vibrational properties of
organic and biological materials [1]. Surface enhanced
Raman scattering has been successfully used for
detecting and analyzing small amounts of organic sub-
stances (5 x 1077 mol) [2, 3] down to molecular
dimensions, including single molecules [4, 5]. Fur-
thermore, considerable progress has been made in
understanding the mechanisms responsible for surface
enhanced Raman scattering [6]. Recent investigations
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have demonstrated that the surface enhanced Raman
scattering has also been observed in inorganic materi-
als, in particular, in GaN semiconductor nanorods
[7], CdS quantum dots [8], carbon nanotubes [9], etc.

Interest expressed by researchers in the ZnO com-
pound is associated with the fact that this direct-band-
gap semiconductor with a relatively large band gap
(3.37 eV) exhibits an intense photoluminescence in
the ultraviolet spectral range and can be considered as
a promising material for the use in the design of the
elemental base of nano- and optoelectronics, in par-
ticular, sources and detectors of ultraviolet radiation
[10]. A decrease in the dimensions of semiconductor
materials, including ZnO, down to the nanometer
scale leads to a significant modification of their optical
and vibrational properties. In this case, the surface
effects play an increased role due to the large ratio of
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the number of atoms on the surface to the number of
atoms in the bulk of the nanostructures.

Raman scattering spectroscopy has been widely
used for studying vibrational spectra of ZnO-based
nanostructures, such as nanowires [11—13] and quan-
tum dots [14—20], with different shapes and sizes. In
particular, nonresonant and resonant Raman scatter-
ing in ZnO nanostructures has been investigated [15,
16], the influence of the dimension of nanostructures
on the spectrum of their optical phonons has been elu-
cidated [17, 18], and the dependence of the frequen-
cies of surface optical phonons on the permittivity of
the matrix has been determined [19, 20]. Also reported
has been the observation of the enhancement of
Raman scattering in ZnO/metal nanocomposites. In
particular, under resonance conditions (when the laser
excitation energy is close to the energy of interband
transitions in ZnO nanostructures, but in the absence
of resonance with the energy of the localized plasmon
in metallic clusters), the enhancement of the Raman
scattering by the A4, longitudinal optical (LO) mode
has been observed in the presence of Ag clusters both
for the ZnO crystalline films [21] and ZnO needle
nanostructures [22] and for the nanocomposites con-
sisting of ZnO quantum dots and Au clusters [23, 24].

This paper reports on the observation of surface
enhanced Raman scattering of light by surface optical
phonons for two types of ZnO-based nanostructures,
such as nanorods (or nanocolumns) and free-standing
nanocrystals, which made it possible to perform a
comparative analysis of the phonon spectra of nano-
structures for one material with different surface mor-
phologies. It is important to note that, in this work,
during the process of surface enhanced Raman scat-
tering, the excitation energy coincides with the energy
of the localized plasmon in metallic clusters, but dif-
fers from the energy of interband transitions in nano-
structures.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The studied structures with ZnO nanorods were
produced through the gas-phase epitaxy from organo-
metallic compounds on substrates prepared from the
sapphire oriented in the (0001) direction. A detailed
description of the formation of nanorods is presented
in [25].

Zinc oxide nanocrystals were formed using the
Langmuir—Blodgett technology. For this purpose,
zinc behenate films with a thickness of 270 monolayers
(ML) were applied on the Si(001) substrates coated
with a 100-nm-thick platinum layer. The formation of
ZnO nanocrystals was performed through thermal
oxidation of zinc behenate films in air at a temperature
of 400°C. Thermal oxidation resulted in the removal
of the organic matrix and in the formation free-stand-
ing ZnO nanocrystals.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 113

MILEKHIN et al.

Silver nanoclusters on the surfaces of both types of
structures were prepared by means of the evaporation
in ultra-high vacuum.

The energies of interband electronic transitions in
nanocrystals and the energies of localized surface plas-
mons in silver clusters were determined from the posi-
tions of the absorption edge and the absorption maxi-
mum in the visible region of the spectrum, respec-
tively. For these purposes, we used a Shimadzu UV-
31000 ultraviolet spectrophotometer, which made it
possible to record absorption spectra in the wavelength
range from 200 to 800 nm with a resolution of 1 nm.

The Raman spectra and surface enhanced Raman
scattering spectra of the studied structures were
recorded in the backscattering geometry under excita-
tion by radiation from He—Cd and Ar* lasers at wave-
lengths of 325, 488, and 514.5 nm with LabRam and
T64000 spectrometers and a triple monochromator at
room temperature.

The infrared (IR) reflection/absorption spectra
were measured at room temperature on a Vertex 80v
vacuum Fourier transform infrared (FT—IR) spec-
trometer in the frequency range from 50 to 700 cm™'.
The measurements were carried out in p-polarized
light. The angle of incidence of the light beam onto the
sample was equal to 80°.

The structural parameters of the samples were
determined using scanning electron microscopy
(SEM) and atomic force microscopy (AFM).

3. RESULTS AND DISCUSSION
3. 1. Structural Parameters

Figure 1 shows the SEM images obtained for the
structure with ZnO nanorods at different angles with
respect to the surface normal. It can be seen from this
figure that the nanostructures consist of close-packed
predominantly vertically oriented hexagonal rods with
a diameter of 40—60 nm and a height of 300—500 nm.

A three-dimensional AFM image of ZnO nanoc-
rystals is shown in Fig. 2. It can be seen from this figure
that the nanocrystals have a lateral size of approxi-
mately 40 nm and an aspect ratio (i.e., the ratio of the
height to the lateral size) in the range from 1/6 to 1/10.
The effect of the AFM tip has raised the question as to
whether the nanocrystal has the form of a truncated
sphere or an ellipsoid.

The surface of structures with ZnO nanorods and
nanocrystals was covered with silver nanoclusters,
which, according to the SEM data, have sizes in the
range from 10 to 20 nm. According to the data
obtained from absorption spectroscopy in the visible
spectral region, silver clusters with these sizes have the
energy of localized plasmons in the range from 2.25 to
2.48 eV (from 500 to 550 nm). Correspondingly, the
energy of radiation from the Ar* laser falls in this range
(the excitation line at a wavelength of 514.5 nm).
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Fig. 1. SEM images obtained for the structure with ZnO nanorods (a) at an angle of 53° to the surface and (b) at a right angle to
the surface. The inset shows the hexagonal structure of the nanorods.
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Fig. 2. AFM image of the ZnO nanocrystal.

3.2. Raman Scattering of Light by ZnO Nanostructures

According to the selection rules for Raman scatter-
ing, the films of the ZnO compound with the hexago-
nal structure and the ¢ axis directed along the growth
axis of the structure, in the backscattering geometry,
should exhibit phonons of the symmetries E,(high)
and A,(LO) at frequencies of 438 and 577 cm™!,
respectively [26].

Figure 3 presents the experimental Raman scatter-
ing spectra of the structures with ZnO nanorods,
which were measured under the resonance (at 325 nm)
and nonresonance (at 514.5 nm) conditions, in com-
parison with the Raman scattering spectrum of the
sapphire substrate. Under the resonance conditions,
i.e., when the radiation energy (3.82 eV) is close to the
energy of interband electronic transitions in nanorods,
the Raman scattering spectrum contains intense peaks
that correspond to the optical phonon A4,(LO)
(574 cm™!) in ZnO [13], as well as to its overtones. The
presence of a series of periodically repeating peaks of
the overtones of the 4,(LO) phonon in the spectrum
indicates a high quality of the crystal structure of the
obtained nanorods. In the nonresonant Raman scat-
tering spectra of the structures with nanorods, there is
an intense peak near 438 cm~!, which is characteristic
of crystalline ZnO with hexagonal packing [10, 26]
and corresponds to the E,(high) phonon. Peaks at 420
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Fig. 3. Experimental Raman spectra of the structure with
ZnO nanorods measured at laser radiation wavelengths of
325and 514.5 nm (solid lines). For comparison the dashed
line shows the Raman spectrum of the sapphire substrate.

and 580 cm™! are observed in the Raman scattering
spectra of both the ZnO nanorods and the sapphire,
and, consequently, they are caused by vibrations in the
sapphire substrate. It should be noted that the latter
peak is close to the frequency of the 4,(LO) phonons
in ZnO and, possibly, masks the signal from nanorods.

Similar Raman spectra measured under resonance
conditions have also been observed for structures with
ZnO nanocrystals (Fig. 4). In this case, the exciting
radiation energy (3.82 eV) is close to the energy of
interband electronic transitions in nanocrystals (this
energy varies in the range from 3.33 to 3.80 eV
depending on the size of the nanocrystals [10]). The
Raman spectrum exhibits an intense peak, which cor-
responds to the optical phonon 4,(LO), and a number
of overtones of this mode, which also confirms the
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Fig. 4. Experimental Raman spectra of the structures with
ZnO nanocrystals measured under (a) resonance and
(b) nonresonance conditions and recorded at different
laser radiation wavelengths A = (1) 325, (2) 488, and
(3) 514.5 nm.

high quality of the crystal structure of the nanocrystals
obtained in our experiments.

In the Raman spectra recorded for the sample with
nanocrystals under nonresonance conditions, we have
observed the modes E,(high) at 438 cm™' (488 nm)
and A,(LO) near 576 cm~' (514.5 nm), which is char-
acteristic of ZnO (see Fig. 4). It should be noted that
the frequencies of these modes actually coincide with
their bulk values [26]. This indicates that the quantum
confinement effect exerts an extremely weak influence
on the frequencies of optical phonons in the structures
under investigation due to the in-plane dispersion of
optical phonons in ZnO. A similar conclusion was
drawn by Rajalakshmi et al. [18] and Lin et al. [27],
who investigated ZnO nanocrystals of different sizes.
It was shown that, when the size of ZnO nanocrystals
decreases from 12 to 4 nm, the frequency of the
E,(high) mode at 438 cm~! decreases by only 5 cm™',
while the frequency of the £,(LO) mode decreases by
4 cm~! with a decrease in the nanocrystal size from 8
to 4 nm. The quantum confinement effect in the nan-
orods should be even less pronounced than that in the
nanocrystals, because the nanorods have a substan-
tially larger diameter. Therefore, the influence of the
quantum confinement effect on the frequencies of
optical phonons in ZnO nanostructures further will be
ignored.
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The Raman spectra recorded for the sample with
nanocrystals at a wavelength of 514.5 nm additionally
exhibit a broad feature (approximately 50 cm~') near
495 cm~!, which is located between the frequencies of
the longitudinal optical and transverse optical (TO)
phonons of both the symmetry 4, and the symmetry
E,. This mode has also been observed by other authors
[28—31] and has been attributed to the surface optical
(SO) phonons. In the study of ZnO submicron crystals
and ZnO thin single-crystal films with submicron sur-
face structures [ 18], the surface optical phonons in the
Raman spectra measured at an excitation radiation
wavelength of 325 nm manifested themselves in the
frequency range from 457 to 468 cm~'. According to
the results obtained by Rajalakshmi et al. [18], who
also investigated the influence of organic ligands on
the vibrational properties of ZnO nanocrystals, in the
Raman spectra (under excitation with a laser radiation
at a wavelength of 647.1 nm), the surface optical
phonon modes were excited near 490 cm~'. Gupta
et al. [29] measured the Raman spectra of ZnO nano-
rods and observed the surface optical phonon mode
near 475 cm~'. In the Raman spectra of mechanically
activated ZnO nanopowders [30], the mode is excited
near 510 cm™!,

3.3. Surface Enhanced Raman Scattering of Light by
Zn0 Nanostructures and Models for the Description
of Surface Modes in Nanorods and Nanocrystals

Figures 5a and 6 present the Raman spectra mea-
sured for structures with ZnO nanorods and nanocrys-
tals, which contain silver nanoclusters deposited on
their surface, in comparison with the Raman spectra
of the initial structures without silver nanoclusters.
In the Raman spectrum of the ZnO nanorods with sil-
ver nanoclusters (Fig. 5a), there appear new intense
modes near 495 and 569 cm~!, which were not previ-
ously observed in the Raman spectra of the initial nan-
orods. Here and below, the mode frequencies are
obtained from the best fit of the experimental spectra
by Lorentzian profiles.

Such broad lines can be explained either by the sta-
tistical spread of the size and shape of the nanorods
and nanocrystals or by the presence of defects in these
structures, which leads to the broadening and low-fre-
quency shift of the lines attributed to the fundamental
optical modes [32, 33]. The value of this shift depends
on the dispersion of optical phonons. In the case of
ZnQ, optical phonons are characterized by the in-
plane dispersion; consequently, the effects of disorder,
as well as the effect of localization of optical phonons
which was considered above, appear to be small (no
more than 10 cm™!) and do not describe the observed
modes. A series of overtones of optical phonons
observed at frequencies that are multiple of the fre-
quencies of fundamental optical modes in the reso-
nant Raman scattering spectra indicates that the
nanostructures have a high crystalline quality and that
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Fig. 5. (a) Experimental spectra of surface enhanced Raman scattering (curve /) and Raman scattering (curve 3) for the structure
with ZnO nanorods measured at a laser radiation wavelength of 514.5 nm. Open circles represent the results of the fitting of the
surface enhanced Raman scattering spectrum by two Lorentzian profiles (dashed lines). For comparison, curve 2 shows the res-
onant Raman scattering spectrum of the ZnO structure without silver clusters measured at 325 nm. (b) Dispersion of the SO
phonons calculated according to [35] for nanorods with a rectangular cross section. The symmetric and asymmetric dispersion
branches are designated as .S and A, respectively. Triangles indicate the experimental values of the frequencies of SO phonons.

the effect of disorder is very small. Furthermore, these
modes are especially clearly observed in the Raman
spectra of the structures in the presence of silver nan-
oclusters, which suggests that the observed modes have
a surface character. Hence, these modes (observed
near 495 and 569 cm™') are attributed to the surface
optical phonons formed from phonons of the symme-
try A, or the symmetry E,. The appearance of these
intense modes in the Raman spectrum of the struc-
tures in the presence of silver nanoclusters indicates
the manifestation of the effect of surface enhanced
Raman scattering in the structures with nanorods.
The spectra of surface optical phonon modes in
nanorods have been described using the dielectric
function model under the assumption that the nano-
rods have the form of a cylinder [34]. In this case, the
material of the nanorods is assumed to be isotropic and
can be described by the dielectric function in the form
2 2
8(('0) = gww’
O — O
where ¢, is the high-frequency dielectric function;
and oo and myg are the frequencies of longitudinal
and transverse optical phonons, respectively. The fre-
quencies of surface optical phonons are determined by
the relationship

e(0) _ 1.(qnK,(qr) )

en  Lu(grK,(qr)
where /,,(gr) and K, (qr) are the Bessel functions (m =
0,1,2,...), g,is the dielectric function of the environ-
ment, » is the radius of the cylinder, ¢ = 2n/A is the

wave number, and A is the wavelength of the laser radi-
ation used in the experiment. According to this model,

ey
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the frequency of surface optical phonon mode at m =
0 takes on a single (and maximum among all modes
with different m) value that is equal to 450 cm~!, which
is significantly lower than the frequencies of the two
modes observed in the experiment. Therefore, the
model of cylindrical nanorods [34] does not describe
the experiment. To the best of our knowledge, no pub-
lications concerned with the calculations performed
for hexagonal rods are available in the literature.

The frequencies of surface modes can be estimated
within the framework of a simple model for nanorods
with a rectangular cross section that provides a simple
analytical solution for surface modes. Consideration
of the surface optical phonon modes in nanorods with
a rectangular cross section [35, 36] leads to a qualita-
tively new result, i.e., the splitting of the surface opti-
cal phonon mode into symmetric (low-frequency) and
asymmetric (high-frequency) modes due to the lower-
ing of the symmetry of the nanorods as compared to
the symmetry of the cylindrical nanorods. A similar
effect should be expected in the case of hexagonal
nanorods, because their symmetry is lower than the
symmetry of cylindrical nanorods. Qualitatively, this
result coincides with the result obtained from calcula-
tions performed for AIN/GaN rods with the wurtzite
structure [37].

Within the framework of this model, we have calcu-
lated frequencies of surface optical phonon modes in
the ZnO nanorods for two sets of parameters (phonons
of the symmetries £, and A4,). It has been assumed that
the side of the rectangle, which represents a cross sec-
tion of the nanorods, corresponds to the average size
of the nanorods, which was determined from the SEM
data. The results of the calculation of the frequencies
Vol. 113
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Fig. 6. Experimental surface enhanced Raman scattering
spectra of the structure with ZnO nanocrystals measured at
laser excitation wavelengths of 514.5 nm (curve /) and
488 nm (curve 2). For comparison, curve 3 shows the
Raman spectrum of the same ZnO structure without silver
clusters. Open circles represent the results of the fitting of
the surface enhanced Raman scattering spectrum (curve /)
by two Lorentzian profiles (dashed lines). Closed squares
and circles indicate the calculated (within the model pro-
posed in [38]) frequencies of SO phonons for/=1, 2, 3, 4
(the mode frequency increases with increasing number /)
for phonons with symmetries A; and Ej, respectively.
Closed triangles, asterisks, and rhombuses indicate the fre-
quencies of SO phonons calculated within the model pro-
posed in [20] for aspect ratios of 1/6, 1/8, and 1/10,
respectively. The frequencies of SO phonons calculated
within the model proposed in [40] for an aspect ratio of
1/10 are denoted by closed triangles (m = 0, / = 1, 2) and
open triangles (m = 1, /=1, 2), respectively.

of surface optical phonon modes as a function of the
size of the nanorods are presented in Fig. 5b. It can be
seen from this figure that the frequencies of experi-
mentally observed modes correspond closely to the
calculated values of the symmetric and asymmetric
surface optical phonon modes.

The effect of surface enhanced Raman scattering
by the surface optical phonon modes is even more
clearly pronounced for structures with ZnO nanocrys-
tals (Fig. 6, curve 7). In the surface enhanced Raman
spectrum of this structure, there arise peaks at fre-
quencies of 486 and 562 cm™!, with the intensity at
least three orders of magnitude higher than the inten-
sity of the E,(high) mode observed in the Raman spec-
trum of the same structure but in the absence of silver
nanoclusters (Fig. 6, curve 3). It should be noted that
the observed lines are caused by precisely the inelastic
scattering of light, rather than by the luminescence,
because these lines manifest themselves at different
wavelengths of the pump laser radiation (at 514.5 and
488 nm, as is shown in Fig. 6 by curves I and 2, respec-
tively).

Additional information on phonon modes in the
structures with ZnO nanocrystals has been obtained
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Fig. 7. Experimental IR absorption spectrum of the struc-
ture with ZnO nanocrystals. Open circles represent the
results of the fitting of the IR absorption spectrum by three
Gaussian profiles (dashed lines). Open and closed triangles
indicate frequencies of modes with m =0 and /= 1, respec-
tively, which were determined within the model proposed
in [40].

using IR spectroscopy. In the IR absorption spectrum
presented in Fig. 7, there is broad peak with an asym-
metric shoulder, which is decomposed into Gaussian
profiles; as a result, we have determined three modes
at frequencies of 445, 495, and 550 cm~!. The frequen-
cies of these modes lie between the frequencies of the
TO and LO phonons in ZnO. Consequently, these
modes have been interpreted as the surface optical
phonon modes localized in the ZnO nanocrystals. It
should be noted that the modes revealed in the IR
absorption spectrum at frequencies of 445 and
550 cm~! have not been observed in the Raman and
surface enhanced Raman scattering spectra. This can
be explained by different selection rules for allowed
frequencies of phonons in Raman scattering and IR
absorption. Since the ZnO nanorods were grown on
sapphire substrates, the surface optical phonon modes
of ZnO in the IR reflection spectra of these nanostruc-
tures are masked by an intense reflection from sap-
phire. For this reason, the IR spectra of the ZnO nan-
orods have not been analyzed in our present work.
It should also be noted that the deposition of silver
onto the surface of the nanocrystals has no noticeable
influence on the IR spectra and leads only to an insig-
nificant decrease in the signal.

For the description of the surface modes in nanoc-
rystals, as well as in the case of the nanorods, there are
a number of models. The simplest model is the model
of spherical nanocrystals, which is based on the con-
cept of nanocrystals as an isotropic dielectric contin-
uum [38]. The dielectric function &(w) of the material
of nanocrystals is described by expression (1). The fre-
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quencies of the LO and TO phonons are related by the
Lyddane—Sachs—Teller relation
2
o) €
Do - 2o (3)

2
O e
where g, is the static dielectric constant.

Taking into account the electrostatic boundary
conditions, we have determined the condition provid-
ing for the existence of surface phonons in spherical
quantum dots:

I+1

g(w) = —Tsm, I=1,2,3,..., 4)

where /is the quantum number.

By equating expressions (1) and (4) and taking into
account expression (3), we can write the frequencies of
surface optical phonons in the form

leg+(I+1)e
o (Bt U+De, 5
®so = @10, (0w e, (%)

This expression has been used to calculate the fre-
quencies of the surface optical phonons in spherical
ZnO nanocrystals, which originate from optical
phonons of the symmetries A, and E|, with the param-
eters taken from [39]. The results obtained from calcu-
lations for the first four modes of surface optical
phonons with the use of two sets of parameters are pre-
sented in Fig. 6. With an increase in the mode number,
the frequency of surface optical phonons formed from
phonons of both the symmetry 4, and the symmetry |
increases. As can be seen from this figure, the calcu-
lated frequencies of surface optical phonons differ
from the experimental data. A possible reason for this
discrepancy can be provided by the deviation of the
shape of real nanocrystals from the spherical shape, as
well as by the fact that the dielectric function of the
material of nanocrystals is considered to be isotropic.
Consequently, we have used the models proposed in
[20, 40], which are applicable to anisotropic nanoc-
rystals in the form of a disk and an ellipsoid.

In the model described by Chassaing et al. [20], the
inclusion of anisotropy in the calculation performed
for a flat disk leads to two solutions of the equation
relating the frequency of surface optical phonons and
the aspect ratio (of the height of the disk to its diame-
ter). The frequencies of the optical phonons have been
calculated within the framework of this model for
aspect ratios of 1/6, 1/8, and 1/10, which are close to
the corresponding values obtained from the AFM data
for the ZnO nanocrystals under investigation. The fre-
quencies of the calculated modes for these three values
of the aspect ratio are presented above in Fig. 6. It can
be seen from this figure that the frequencies of the sur-
face optical phonon modes with an aspect ratio of 1/6
are in the best agreement with the Raman data. How-
ever, the model under consideration disregards the
effect of confinement of optical and surface phonons
and, consequently, does not describe the surface opti-
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cal phonon modes, which are additionally observed in
the IR spectrum.

It is known [40—43] that the spectrum of surface
phonons in ellipsoidal nanocrystals represents a set of
modes described by two quantum numbers, i.e., m =0,
1,2, ...and /=1, 2, 3, .... The model proposed by
Fonoberov and Balandin [40] allows one to determine
the frequencies of these modes in anisotropic ZnO
nanocrystals. The components of the permittivity ten-
sor for this case can be written in the form

() ()

g (0) = g,(0)— ;_,LO’ (6)
O —0; to
0)2—0)2

g(w) = g(0)5—= Lo (7)
O -0 710

where z is the direction along the minor semiaxis of the
oblate ellipsoid; and ®; |0y and ®, ooy are the
frequencies of the LO(TO) phonons of the symmetries
FE| and A, respectively.

Using the Maxwell’s equations and boundary con-
ditions, we have obtained an expression that, in the
implicit form, relates the frequency of surface
phonons and the ratio of the major semiaxes of the
ellipsoid for particular quantum numbers / and m
(coefficients of the associated Legendre functions).
Following the work by Fonoberov and Balandin [40],
we have determined the frequencies of surface optical
phonons with quantum numbers m =0, land /=1, 2
in ellipsoidal ZnO nanocrystals for different aspect
ratios (1/6—1/10). The best agreement between the
calculated and experimental data is observed for the
aspect ratio of 1/10. The frequencies of surface optical
phonon modes thus obtained are presented in Figs. 6
and 7 and denoted as (m, /).

In the experiments on Raman scattering and IR
absorption in nanoclusters, one can observe surface
modes that have different symmetries (and, corre-
spondingly, different values of / and m). In particular,
according to the work by Comas et al. [43], the surface
optical phonon modes with / = 0 and even numbers m
should be observed in the experiments on Raman scat-
tering of light by ellipsoidal nanocrystals. However, in
our case, the shape of ZnO nanocrystals differs from
ellipsoidal and the selection rules for Raman scatter-
ing weaken. Therefore, in the IR absorption and
Raman scattering spectra, there will appear, first of all,
the modes with small quantum numbers (i.e., m =0, 1
and /=1, 2). It can be seen from Fig. 6 that the modes
(0, 1) and (1, 2) can be responsible for the observation
of the peak at 562 cm~!, whereas the peak at 486 cm™!
corresponds to the (0, 2) mode. At the same time, the
(1, 1) mode does not manifest itself in the Raman
spectrum.

The modes with a dipole moment should first of all
be observed in the IR spectra. Among these modes are
those with odd quantum numbers. As can be seen from
Fig. 7, the peak at 550 cm~! can be attributed to three
Vol. 113
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modes, i.e., (0, 1), (1, 2), and (0, 3). The “shoulder”
at 495 cm~', most likely, can be due to the absorption
of light by the (1, 3) mode, because the (0, 2) mode,
even though has almost the same frequency, is totally
symmetric and, therefore, should not manifest itselfin
the IR spectra. The feature observed in the IR spec-
trum at 445 cm™!, apparently, corresponds to the (1, 1)
mode.

Therefore, the model of ellipsoidal nanocrystals
[40] consistently describes both the IR spectra and the
experiments on Raman scattering of light by ZnO
nanocrystals.

4. CONCLUSIONS

Thus, we have investigated the resonant and non-
resonant Raman light scattering by optical phonons,
the surface enhanced Raman scattering by surface
phonons of ZnO nanorods and nanocrystals, and the
IR absorption by surface phonons in ZnO nanocrys-
tals. It has been established that the deposition of silver
clusters onto the surface of nanostructures leads either
to an abrupt increase (by a factor of 10°) in the inten-
sity of lines attributed to the surface phonons observed
in the Raman spectra or to the appearance of new
modes of surface phonons. It has been demonstrated
that the effective dielectric function model can be suc-
cessfully applied to the description of the spectra of
surface phonons in ZnO nanorods and nanocrystals.
The calculation of the surface mode frequencies,
which was carried out under the assumption that the
nanorods have a rectangular cross section, describes
fairly well the frequencies of experimental modes
observed in the surface enhanced Raman scattering
spectra of the ZnO nanorods. The frequencies of the
surface modes observed in both the surface enhanced
Raman scattering spectra and the IR absorption spec-
tra of ZnO nanocrystals are adequately described
within the framework of the model of anisotropic
ellipsoidal ZnO nanocrystals considered in [40].
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