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Resonant Raman spectroscopy has been employed to explore the first- and higher-order phonon spectra of several kinds of II-
VI nanocrystals (NCs), with the aim of better understanding of the nature of phonon modes and forming a unified view onto
the vibrational spectrum of semiconductor NCs. Particularly, besides the previously discussed TO, SO, LO, and 2LO modes, the
combinational modes of TO+LO and SO+LO can be assumed to account for the lineshape of the spectrum below 2LO band. No
trace of 2TO or 2SO band was detected, what can be the result of the dominance of Fréhlich mechanism in electron-phonon
coupling in II-VI compounds. The resonant phonon Raman spectrum of NCs smaller than 2 nm is shown to be dominated by a
broad feature similar to the SO mode of larger NCs or phonon density of states of a bulk crystal.

The understanding of the phonon spectrum of semiconduc-
tor nanocrystals (NCs), electron-phonon coupling (EPC),
dependence of the phonon spectra on the NC size, surface-
bound moieties, and extended environment is of a large
fundamental and application significance [1-11] due to the
determinant role phonons play in the optical and electri-
cal properties of semiconductor nanostructures [12, 13].
Though a number of in-depth studies have addressed the
phonon spectra of colloidal [14-20], glass-embedded [21-
23] NCs, and epitaxial nanostructures [24-26], a significant
divergence of the results exists concerning both the nature of
the modes and their response to such factors as size, surface
conditions, properties of the hosting medium and so forth.
In particular, the apparently similar Raman spectra of a wide
range of compounds (e.g., II-VI, III-V, and IV) and NC

morphologies (dots, rods, tetrapods, wires, and discs) have
been assigned differently.

Recently, attempts were made to build a general picture of
the phonon spectrum of various semiconductor NCs, based
on analysis of the experimental Raman data and appropriate
models [14, 27, 28]. This paper further explores the first- and
higher-order phonon spectra of several kinds of II-VI NCs,
as well as their similarity to other compounds, with the aim
of better understanding of the vibrational spectrum of small
NCs. High-quality NC samples were selected for this study in
order to resolve Raman features, which are usually smeared
by size dispersion, structural disorder, or low signal-to-noise
ratio.

The NC samples studied in this work have been prepared
by means of colloidal chemistry according to protocols
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FIGURE 1: First-order Raman spectra of CdTe (a), CdSe (b), and CdS (c) NCs in the range of LO phonon with multi-Lorentzian fitting.

Indicated is the assignment of the phonon modes.

reported elsewhere [29-32], and CdSe, CdS, and CdTe NC
samples of the same mean diameter (~4 nm) were selected.
Another sort of NCs studied were ultrasmall NCs of about
1.8nm mean diameter, which revealed distinct Raman
spectra. The attempts to measure the size and shape of these
NCs directly by electron microscopy were unsuccessful [19],
obviously due to ultrasmall NC size and charging of the
stabilizing polymer. The broad X-ray features of these ultra-
small NCs [3] indicated their small size or/and noticeable
structural deformations due to dominance of the surface
atoms. Therefore, the size of the latter ultrasmall NCs
has been estimated from the energy of the first excitonic
maximum [19].

The main features observed in resonant Raman scattering
spectra of II-VI NCs are the longitudinal optical (LO)
phonon mode (fundamental) and its overtones (Figures 1
and 2), which are shifted to lower frequencies and broadened
compared to the bulk crystal. The nature of a low-frequency
shoulder of the LO peak, commonly observed for different
kinds of semiconductor NCs, is still under discussion. It is
related either with phonons at k# 0 [33], surface optical
(SO) [23], zone-edge (ZE) [22] phonons, or quantized

optical phonons (vibrons) with a quantum number n > 1
[17, 34, 35]. Fitting the Raman spectrum in the range of
LO mode with two Lorentzians, corresponding to SO (or
ZE) and LO phonon or to vibrons with different quantum
numbers, is widely applicable for II-VI NCs [15, 18, 23,
36]. However, the similar shoulder has been observed in
bulk alloys [37]. The alloys, even defect free, are known to
possess a kind of disorder caused by the fluctuation of
the electrostatic potential due to the inhomogeneous spatial
distribution of the counterpart ions. This kind of disorder,
along with the structural disorder, can lead to activation
of some vibrational modes (disorder-activated ZE phonons)
[37]. Investigation of the surface-related (SO) vibrations in
NCs is important not only due to its potential in probing the
NC-environment interaction [4], but also because they may
take part in the optical transitions in NCs [38].

In a majority of experimental studies, the low-frequency
shoulder being not resolved as a separate peak may lead to
large errors in determination of its frequency position and
widths. In addition, the LO phonon peak possesses in many
cases a noticeable high-frequency shoulder (HFS, Figures
1(a) and 1(b)), which probably originates from vibrations
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FIGURE 2: Multi-Lorentzian fitting Raman spectra of CdTe (a), CdSe (b), and CdS (c) NCs in the range of 2LO phonon. The assignment of

the phonon modes is indicated.

of tellurium (selenium) on the CdTe (CdSe) NC surface
or coupled optical-acoustical phonon modes [28, 29, 32].
Trying to satisfactory fit the whole spectrum in the range of
the LO peak without taking into account the HES can lead
to overestimation of the frequency and bandwidth of the SO
mode and affect the width of the LO peak and its ratio to
overtones.

Our recent study of high-quality and monodispersed
CdTe NCs revealed that the fitting of the lower-frequency
asymmetry of the LO peak requires at least two components,
attributed to TO and SO modes, correspondingly [28]. Here
we extend this approach to fitting of the RRS spectra of the
first-order spectra of CdSe and CdS NCs (Figure 1), as well as
their overtones (Figure 2). According to this approach [28],
the lowest frequency component, peaked at 145cm~! for
CdTe NCs, 177 cm™! for CdSe NCs, and 250 cm™! for CdS
NCs, may be assigned to TO mode, because of its frequency
proximity to the frequencies for the corresponding bulk
crystals. The broad component between this mode and LO
may be naturally assigned to the SO mode(s), as predicted
by theory [39]. Quantitatively, the SO mode frequency is

calculated using the same formalism as in previous works
[18, 23, 31]—~200 cm ™! for CdSe NCs, ~280 cm ™! for CdS,
and ~160 cm™! for CdTe NCs—being in good correlation
with the position of the component marked as “SO” in our
experimental spectra in Figure 1, as well as with other reports
(18,23, 31].

The general appearance of the first-order resonant Ra-
man spectrum of II-VI NCs studied here (Figure 1) is well
reproduced by the model of quantized optical vibrations of
spherical NC [34, 35], with the (I = 0, n = 1) vibron cor-
responding to (fundamental) LO mode. However, as the
experimental vso does not vary noticeably with NC size [32],
it is unlikely to be related with the (I, = 2, n = 1) vibron
mode revealing a strong size dependence of its frequency
[34, 35]. Instead, the experimentally observed SO mode may
be related to the density of [, = 2 vibron modes, centered
around 180 cm~! for CdSe and 240-255 cm™! for CdS [34].

Based on a simple qualitative argument of the SO mode
intensity, Iso, being proportional to the NC surface-to-
volume (§/V) ratio, the Iso/Io is expected to increase
with NC size decrease. However, this approach may be
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FIGURE 3: Resonant Raman scattering spectra of a series of CdSe
NCs of different size, measured with Ay = 458 nm at 50 K.

oversimplified and prone to be offset by other factors, for
example, by the saturation of the SO vibration intensity
below a certain NC size at which the SO mode field extends
over the whole NC volume. As a result, no noticeable de-
pendence of Iso/I o on NC size will take place below certain
critical NC diameter, as can be seen in Figure 3 for NC
diameter d decreasing from 4 down to 2nm, with the
corresponding §/V increasing almost twice (from about 35
up to 60%). Furthermore, the analysis of the literature shows
that the relative intensity of the SO mode can be very close
for different NC morphologies and dimensions (dots, rods,
tetrapods, and wires) with various S/V.

The nonsystematic sensitivity of the SO peak parameters
to capping of the CdSe core with a ZnS (or CdS) shell [40]
introduces further ambiguity in understanding of the nature
of this mode. Based on similarity of the SO mode parameters
for different NC morphologies, as well as existence of similar
low-frequency asymmetry for bulk alloys [37]; one may
assume it to be induced by the presence of atoms with
coordination differing from the rest of (bulk) atoms. In
NCs, these are the surface atoms with undercoordinated
bonds, while in alloys these can be the atoms adjacent to the
“Impurity” atom or a structural defect. This kind of disorder
can lead to activation in Raman scattering of vibrational
modes forbidden for perfect crystal, particularly ZE phonons
[22].

The ZE phonons, that is, phonons from the boundary
of the Brillouin zone, where TO and LO branches approach
each other, are forbidden in Raman spectra due to their large
k (compared to that of the probing light). However, they can
be activated in Raman by a certain degree of disorder in the
lattice. The surface of the NC is a case of such a disorder,
with the spatial dimension of 1-2 lattice constants—the
same length where ZE phonons exist. The probability of the
appearance of the surface-related modes in Raman spectrum
may be higher in smaller NCs not only due to a larger
surface-to-volume ratio but also due to a larger overlap of
the carrier’s wavefunction with surface. As to the role of
the surface-trapped excitons, it may be not relevant, because
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FIGURE 4: Resonant Raman spectrum of ultrasmall CdSe NCs (d ~
1.8 nm), measured with Ao = 442 nm.

the trapping times are usually much longer than the duration
of the Raman scattering event.

Though the low-frequency shoulders of the LO overtones
resemble strongly that of the fundamental peak, the fitting
of the spectra shows that the former cannot be attributed
to the nSO modes. The frequency position of the shoulder
is much larger than the corresponding n X vso. More viable
is the assignment of these shoulders to the SO+nLO (n =
1,2) sum modes (Figure 2). At least the frequency position
fits well to such a combination. This assignment can reveal
new aspects of coupling between the strongly confined
optical phonons in small semiconductor NC. Nevertheless,
the contribution of second-order scattering on ZE phonons
cannot be excluded and needs further studying. The second-
order spectrum is also featured by the high-frequency
shoulder centered around 20-40 cm™! above the 2LO band
(Figure 2), similar to the HFS in the first-order spectrum
(Figure 1).

The structure of the Raman spectrum has been observed
to change qualitatively for NC smaller than 2 nm. The first-
order spectrum of CdSe NCs as small as 1.8 nm (Figure 4)
reveals a broad feature between bulk TO and LO frequencies,
thus in the region of the SO mode observed for larger NCs.
Simple estimation shows that at d as small as 1.8 nm, most
of the atoms can be classified as surface ones and such
NCs can therefore be an illustration of a limiting case of
small NC which do not support the bulk-like LO (and TO)
phonon modes. Their spectrum more likely resembles the
phonon density of states (DOS) predicted for bulk CdSe
and CdSe nanowires with a diameter of d = 2nm [41] or
the spectrum of molecular-like clusters [16, 42]. From the
viewpoint of the model based on bulk dispersion curves, the
strong spatial confinement along with lattice distortion due
to the reconstruction induced by a domination of surface
atoms can lead to the situation when only phonons (TO and
LO) close to (bulk) zone boundary exist in NCs. These ZE
phonons manifest themselves in Raman spectrum as a single
broad feature because of a very small TO-LO splitting near
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the zone boundary, as has been inferred previously for the
description of IR phonon spectra of Cds¢Tes; clusters [43].

In conclusion, the resonant Raman spectra of several
kinds of II-VI NCs have been analyzed. It is shown that
similar set of phonon modes can be derived from fitting the
spectra of high enough quality. Particularly, besides the pre-
viously discussed TO, SO, and LO modes, the combinational
modes of TO+LO and SO+LO can be assumed to account for
the lineshape of the spectrum below 2LO band. No trace of
2TO or 2SO band was detected, what can be the result of the
dominant Frohlich mechanism in electron-phonon coupling
in II-VI compounds. The resonant phonon Raman spectrum
of NCs smaller than 2nm is shown to be dominated by a
broad feature similar to the SO mode of larger NCs or a DOS
of a bulk crystal.
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