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ABSTRACT: Lattice vibrational modes in cadmium chalco-
genide nanocrystals (NCs) have a strong impact on the carrier
dynamics of excitons in such confined systems and on the
optical properties of these nanomaterials. A prominent
material for light emitting applications are CdSe/CdS core—
shell dot-in-rods. Here we present a detailed investigation of
the acoustic phonon modes in such dot-in-rods by non-
resonant Raman spectroscopy with laser excitation energy
lower than their bandgap. With high signal-to-noise ratio in the
frequency range from 5—50 cm™', we reveal distinct Raman
bands that can be related to confined extensional and radial-
breathing modes (RBM). Comparison of the experimental
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results with finite elements simulation and analytical analysis gives detailed insight into the localized nature of the acoustic
vibration modes and their resonant frequencies. In particular, the RBM of dot-in-rods cannot be understood by an oscillation of a
CdSe sphere embedded in a CdS rod matrix. Instead, the dot-in-rod architecture leads to a reduction of the sound velocity in the
core region of the rod, which results in a redshift of the rod RBM frequency and localization of the phonon induced strain in
vicinity of the core where optical transitions occur. Such localized effects potentially can be exploited as a tool to tune exciton—

phonon coupling in nanocrystal heterostructures.

KEYWORDS: Confined acoustic phonons, colloidal nanorod heterostructures, nonresonant Raman spectroscopy,

finite elements simulations

C olloidal semiconductor nanocrystals (NCs) and in
particular nanorods have created tremendous interest to
date due to their unique optical properties, such as efficient and
tunable light emission via size control,' ™ exciton storage,4
electroluminescence,” and optical gain,6’7 just to name a few.
This has translated to applications as fluorescent markers in
biology,' emitting materials in electro-optic devices such as
LEDs and lasers,”~'* and key components in next generation
displays.'> One important milestone was the synthesis of core—
shell quantum dots and nanorods that contain at least two
semiconductors arranged in an onion-like geometry.'”"’
Among these, dot-in-rod core—shell heterostructures fabricated
by the seeded growth approach'®'” have extremely narrow size
distributions that result in well-defined optical properties, which
can be fine-tuned by control over core size and rod length.”*~**

Lattice vibrational modes in NCs have a strong impact on the
carrier dynamics of excitons in such confined systems and,
consequently, on their optical properties.”” >* Optical and
acoustic vibrational modes can be detected by discrete phonon
replicas in the emission spectrum of NC ensembles™ ' and
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single NCs.” ™ Acoustic phonon modes are of special interest
because they can assist in transitions that are otherwise
forbidden, in particular from the bright to dark exciton
state.”?”** The acoustic modes are expected from linear
elasticity theory to depend strongly on the size and shape, as
well as on the strain distribution.”” ** However, the simplified
approach based on Lamb’s theory considering solely the radius
of the nanostructure that is typically applied******** should
have its limits concerning anisotropic- and core—shell hetero-
NCs. Therefore, a detailed experimental and theoretical
investigation of ultralow frequency (ULF) Raman modes in
core—shell hetero-NCs is essential to understand the
fundamental properties of acoustic NC vibrations.

In this letter, acoustic vibrations of CdS nanorods and CdSe/
CdS dot-in-rods that consist of a CdSe core and a rod-shaped
CdS shell are studied by nonresonant Raman spectroscopy.
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The phonon modes in the ULF region can be clearly assigned
by their polarization behavior and Lamb’s theory to extensional
and breathing modes of the NCs. In dot-in-rods the dominant
RBM is red-shifted with respect to bare nanorods, which can be
analyzed quantitatively in terms of local reduction of sound
velocity. Finite element simulations using Comsol software
reveal the intricate distribution of strain induced by the acoustic
vibrations and, particularly, the localization of the RBM in the
core region in core—shell architectures. Furthermore, Comsol
modeling evidences the impact of the finite rod shape and
structure on the vibration modes in the RBM band that
significantly differ from pure radial breathing motion. The
localization of the acoustic phonons in certain regions of the
rod influences their resonant frequency, which together with
their spatial overlap with the electron and hole wave functions
can be expected to affect coupling to band edge excitons and
therefore impact their light emitting properties.

The NCs were synthesized according to published
procedures,'® dispersed in chloroform, and deposited via
drop-casting of few microliter solution on 3 X 3 mm large
glass substrates. To obtain homogeneous films, the solvent
evaporation was carried out in a toluene-saturated atmosphere.
ULF Raman measurements™ were performed under back-
scattering configuration at room temperature using a Jobin-
Yvon HR800 Raman system, equipped with a liquid-nitrogen-
cooled charge-coupled detector (CCD) and a 100X objective
lens (numerical aperture ~0.90). We used a Ti-sapphire laser at
785 nm for excitation, thus with energy below the NC
bandgap'® and under nonresonant conditions. Typical laser
power was ~5 mW. The laser plasma lines were removed using
Bragg-volume-grating-based BragGrate bandpass filters from
OptiGrate Corp. ULF resolution down to 5 cm™" was achieved
by three BragGrate notch filters with optical density of 3 and
full width at half-maximum (fwhm) of ~5—10 cm™. Spectral
resolution was ~0.6 cm™, as estimated from the fwhm of the
Rayleigh peak. The accumulation time for each spectrum was
~300 s. Raman spectra were normalized by the transmittance
of the notch filters to improve the peak fitting close to the
cutoff frequency. Fitting details are reported in section 1 of the
Supporting Information (SI).

Figure 1 shows ULF Raman spectra of CdSe dots and CdS
nanorods with 5.7 nm diameter, and CdSe/CdS dot-in-rods
with 5.7 nm core- and 5.75 nm rod-diameter. The length of the
rods is around 26 nm. The polarization behavior in Figure 1b—
d allows to correlate the high frequency band around 13—17
cm™" to symmetric lattice vibrations that appear only in
polarized configuration, i.., excitation polarization parallel to
detection polarization, while the low frequency band around 7
cm™! relates to oscillations with substantial asymmetric
components that leads to signal also in depolarized measure-
ments, ie., with excitation polarization perpendicular to
detection polarization. The response of the CdSe dots (Figure
1b,e) is well-known and can be understood by fundamental
oscillations of an elastic sphere in the frame of Lamb’s
theory>*"**™* and consists of a RBM in the high frequency
band, and ellipsoidal modes in the lower frequency range (see
section 2 of the SI for a detailed analysis). For the rods the
symmetric mode at high frequency can be associated with a
RBM, " while the asymmetric low frequency band originates
from extensional modes, i.e,, oscillations along the long axis of
the rod.

Figure 1f shows Lorentz fits to the unpolarized Raman
spectrum of CdS rods. The fits reveal peaks at 7.5 and 15.7
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Figure 1. Nonresonant Raman spectra of CdS nanorods and CdSe/
CdS dot-in-rods with similar diameter and length of 26 nm excited at
785 nm. (a) Illustration of the nanorod and dot-in-rod architectures,
where Zone A refers to the region near, and Zone B to the one far
away from the core. (b—d) Polarized (red) and depolarized (black)
spectra of CdSe cores (b), CdS nanorods (c), and CdSe/CdS dot-in-
rods (d) that allow to distinguish between ellipsoidal/extensional
(below 12 cm™") and RBM:-like vibrations (above 12 cm™"). For CdSe
nanocrystals (e), the first two peaks result from the ellipsoidal
vibrations, while the third peak originates from the RBM (see section 2
of the SI for details). For CdS nanorods (f), two peaks are assigned to
the first overtone of the extensional mode and to the RBM. The
spectrum of dot-in-rods with 5.7 nm core diameter (g) contains at
least three peaks, displaying a dominant redshift of the most
prominent Raman peak. The gray dashed line depicts the Raman
scattering background near the laser line, and the vertical dashed line
indicates the position of the RBM in CdS nanorods. Fitting details are
addressed in section 1 of the SL

cm™! corresponding to the extensional mode and RBM,
respectively. The RBM frequency (wggy) of a cylinder can
be described by43’49

27,

3J (1)

with D the diameter of the cylinder, v the Poisson ratio, and 7,

=221 (7). Jo(7) and J,(7)

1-v
are Bessel functions. wgg), is dominated by the rod diameter
and shows the 1/D dependence as in the quantum dot (QD)
case. Taking the values of the bulk and shear modulus from ref
50 for CdS as 69 and 14.9 GPa, respectively, we can calculate
the Poisson ratio v = 0.4 and the Young modulus E = 41.4 GPa.
With these values and the density of CdS as p = 4.82 g/cm® we
obtain 18 cm™ for wgpy in CdS nanorods with 5.7 nm
diameter, which is larger than our experimental value (Figure
1c,f). We note that this discrepancy is in line with our data from
the CdSe cores (see SI, section 2) that can be accounted for by

a reduction of the effective sound velocity ¢, = ,#_1”2)
p v)(1—2vw

in NCs by a factor of around 0.8. This reduction could be
related to mechanical softening of the nanocrystal surface,”'
which is in line with the reduced Young modulus that we have

E(1 —v)
p(1 +v)(1 - 2w)

Wrpm =

the nth root of the equation 7] (7) =
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to use in our finite elements simulations to achieve good
agreement for the RBM frequencies of the CdSe cores.
Furthermore, the finite length of the nanorods leads to a small
redshift of the RBM as we demonstrate in the discussion of the
simulations later on. For our nanorods we obtain ¢y = 3.57 X
10° cm/s from @ygy in Figure 1f.

The extensional modes are vibrations in direction of the long
axis of the rod with frequency

2n+1)
o= AP @)

where L is the nanorod length. The factor (2n + 1) with n = 0,
1,2, .., accounts for the number of confined modes.>* E is the
Young modulus along the long axis of the nanorod. We observe
the low energy peak in Figure 1f at 7.5 cm™', which
corresponds to the first overtone (n = 1) of the extensional
mode (7.5 cm™' as ground mode would result in an
unrealistically high Young modulus). Taking eq 2 and n = 1
we evaluate E| = 65 GPa, close to the bulk modulus of CdS (69
GPa). With E| = 65 GPa, the extensional ground mode (n = 0)
is expected at 2.4 cm™!, which is not observable because of the
cutoff band at ~5 cm™. With E = 65 GPa, we obtain for the
sound velocity along the long nanorod axis ¢ g =

[E\/p = 3.67 x 10° em/s.

In the spectrum of the CdSe/CdS dot-in-rods in Figure 1g,
an additional mode in the RBM band can be identified with
respect to CdS nanorods. The most striking feature is the
strong peak 2 in Figure 1g that appears at significantly lower
frequency (13.1 cm™') than the RBM in bare CdS nanorods
(15.7 em™) and CdSe dots (16.5 cm™). Its polarization
behavior (Figure 1d) points to an RBM-like vibration. There is
also a high-energy shoulder of peak 2 labeled as peak 3 in
Figure 1g at 16.5 cm™, whose polarization behavior allows to
assign it to the RBM band.

Figure 2 shows spectra of dot-in-rods with 4.7 nm diameter
and different core sizes. For the smallest core (Figure 2a) we
observe a single peak in the RBM band at 18.8 cm™" that should
be close to the wgpy; frequency of CdS rods, and indeed using
eq 1 with ¢\ = 3.57 X 10° cm/s we obtain 18.3 cm™" for wgpy
of CdS rods with 4.7 nm diameter. For increasing core diameter
the dominant peak in the RBM band is red-shifted to 18.1 cm™
(4.0 nm core) and 17.7 cm™ (4.3 nm core), as evidenced in
Figure 2b,c. In Figure 2c, a high-energy shoulder of the RBM
can be identified by Lorentz fitting, similar as in Figure 1g.

It is well-known that the vibrational modes of QDs shift to
higher frequency when embedded in a rigid matrix, such as the
CdS nanorod shell, due to rigid boundary conditions.*" This is
opposite to the redshift that we observe for the RBM in dot-in-
rods. We therefore have to consider the detailed architecture of
the dot-in-rods to analyze the origin of this red shift.

We have performed finite-elements simulations on dots, rods
and dot-in-rods to investigate the acoustic vibrations in these
architectures (details on the calculations are reported in section
3 of the SI). Such simulations of the vibrations can give insight
in the local deformation of the structure and consequently on
the symmetry of the vibration modes and the distribution of
phonon-induced strain. Figure 3 shows the vibration eigen-
modes for the NC shapes discussed in this work. For spherical
NCs we obtain the ellipsoidal and RBM mode in very good
agreement with Lamb’s theory and our experimental results
(Figure 3a), if we adjust the Poisson ratio to 0.32 and bulk
modulus to 42 GPa, respectively.””** This adjustment of elastic
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Figure 2. (a—c) Unpolarized Raman spectra of dot-in-rods with 4.7
nm diameter and different core sizes. The dominant high-frequency
peak exhibits a systematic red shift with increasing core diameter. The
vertical dashed line is a guide to the eye marking the center position of
the RBM peak in (a), the gray dashed line presents the Raman
background. The low-frequency peak at 8.3 cm™ corresponds to the
first overtone of the extensional mode. In (a) an additional low-
frequency peak was fitted due to the kink close to cutoff. Fitting
parameters are reported in the SI in section 1.

parameters of the CdSe dots corresponds to the reduction in
sound velocity that is discussed in section 2 of the SI and that
was needed for quantitative matching of the observed
frequencies in the Lamb’s theory analysis. Concerning rods
(Figure 3b), taking the bulk values of CdS (Poisson ratio 0.3,
and bulk modulus 69 GPa)*° we find the extensional mode and
its higher harmonics in the low frequency region that resemble
standing waves along the axis of the cylinder, as expected. Their
frequency follows the 1/L behavior predicted by eq 2 and as
depicted in Figure S7. However, already for the modes in the
RBM band we observe strong deviations from just simple radial
breathing motion of the rod (in which the rod over its full
length would expand and contract): for our rods with finite
length the fundamental RBM (F-RBM) at 15.3 cm™" shows a
symmetric dilatation/contraction motion located in the central
region of the rod. We note that this is still a mainly radially
symmetric motion, and therefore, the overall symmetry of this
vibration is in agreement with the polarization dependency of
the RBM in the Raman experiments (Figure lc).

The simulation also reveals a second, higher-order RBM (H-
RBM) at slightly higher frequency (15.5 cm™) that exhibits a
symmetric oscillation off center of the rod. Due to the small
splitting in frequency these two modes cannot be discriminated
in the experimental spectra, and the vibrational components
along the long axis of the rod in the RBMs could explain the
weak residual signal in the depolarized Raman spectra of CdS
rods. While for rods with infinite length we recover the 1/D
proportionality of wggy in our simulation, we find that for
nanorods with finite length and nanorod diameters from 2 to 6
nm our simulation predicts a small redshift of the F-RBM with
respect to eq 1, as demonstrated in Figure S7 in the SI. This
effect contributes to the lower F-RBM frequency observed for
the nanorods in the Raman experiments in Figure 1f (compared
to the prediction of Lamb’s theory based on bulk values) and
originates from the motion of vibration that is not anymore
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Figure 3. Comsol calculations of the deformation of NC spheres (a), rods (b), dot-in-rods with core at 1/3 of their length (c), and symmetric dot-in-
rods with the core at their center (d). Deformation magnitude is shown for one maximum of the oscillation and is exaggerated for clarity; blue color
corresponds to zero and red to maximum deformation. The thin black lines sketch the outer shape of the NC at rest. The calculated frequency of the
modes is stated for each mode. The extensional modes for dot-in-rods are very similar to the ones in rods and are shown in Figure SS of the SI. A
movie showing animated visualizations of the vibrations is provided free of charge.

strictly radial for rods with finite length, which therefore
depends also on the elasticity in direction along their c-axis.

In comparison to the F-RBM frequency in rods, the
simulation shows that the F-RBM frequency in the dot-in-
rods is red-shifted because of the presence of the CdSe core, as
demonstrated in Figure 3c. This reproduces the redshift of the
dominant RBM induced by the core and reveals that the lower-
frequency RBM observed at 13.1 cm™' in Figure 1g
corresponds to the F-RBM in the dot-in-rods. Interestingly,
the symmetry of this vibration mode changes significantly from
rods to dot-in-rods. While in rods it is a symmetric expansion/
contraction of the central part of the rod, for dot-in-rods the F-
RBM is strongly asymmetric, with the maximum deformation
concentrated near the core region.

Furthermore, we obtain the H-RBM (Figure 3c) with a
significantly increased splitting from the F-RBM in our
simulations, which enables its discrimination in the exper-
imental spectra, and thus, we assign the second RBM
component observed at 16.5 cm™ in Figure lg as the H-
RBM in the dot-in-rods. The simulated H-RBM in dot-in-rods
shows antipodal behavior to the corresponding F-RBM, with
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the maximum of the oscillation in the CdS section away from
the core and minimum deformation in the core region. Both
vibration modes consist mainly of oscillation motion in radial
direction, which confirms their labeling as RBMs, but have also
contributions in axial direction.

The splitting of F-RBM and H-RBM increases with
increasing core size, and the small splitting for rods and dot-
in-rods with small cores is reflected in the fwhm of the Raman
peaks. For example, the fwhm (2.56 cm™") of the RBM peak in
rods is much larger than that of the F-RBM in dot-in-rods with
large core (1.68 cm™), as depicted in Figures 1f,g. In Figure S6
we report simulation results on dot-in-rods with different core
size (that correspond to the structures in Figure 2), which show
that the splitting of the two RBM modes increases with
increasing core size. This is in good agreement with our
experimental results, where the fwhm of the RBM peak
increases from 2.8 to 4.0 nm core diameter (see Table S1) and
where for the largest cores the splitting of the two modes
becomes evident (similar as in Figure 1g).

The core position in dot-in-rods can be exploited to tailor
their optical properties, for example, the core could be located
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at the center of the rod.”> We show the results of such
symmetric dot-in-rods in Figure 3d, where the strain for the F-
RBM is concentrated again near the core, but now with a
symmetric distribution that has a larger number of maxima and
minima in deformation as compared to bare rods. Also here the
H-RBM has an antipodal strain distribution with respect to the
F-RBM.

The extensional oscillations in dot-in-rods are shown in
Figure S5 and deviate only slightly from those of monomaterial
rods, which is manifested by a very small asymmetry in
deformation and a slight reduction in frequency that only
becomes evident for the higher order modes. The much smaller
impact of the core on the frequency of the extensional modes is
related to the nonlocality of this vibration that extends over the
full rod volume and therefore is less affected by the local
modification of the core.

The finite elements simulations in Figure 3 show that the F-
RBM in dot-in-rods (peak 2 in Figure 1g and the corresponding
F-RBMs in Figure 2) are localized near the core region. The
localization and redshift can also be described in terms of sound
velocity in the dot-in-rod heterostructures:

WppmR
= ——

a1 3)
where R is the radius of the rod. The CdSe core leads to a
reduction in sound velocity in the dot-in-rods due to the lower
sound velocity in CdSe, and we can write the sound velocity in
dot-in-rods (DiR) as cpp = ccgs — Ac. Assuming that the
reduction is proportional to the volume of the core (with radius
r) we obtain

_ ‘/core
’DiR = Ccds — _V (CCdS - CCdSe)
rod
3
4/3nr
= Ccas — (CCds - CCdSe)

(4)

Figure 4 shows the experimentally obtained sound velocities
(from eq 3) versus 7>, and indeed the data is well described by a
linear fit. If we consider the full rod volume (with length L = 26
nm) in eq 4 we obtain ccgg — Ccage = 3.24 X 10° cm/s from our

rod

5

Ceys (107cm/s)

Figure 4. Experimental longitudinal sound velocity ¢ in the Zone A
of the dot-in-rods versus r* (open circles). Next to each data point the
corresponding spectrum in Figures 1 and 2 is indicated. The red line is
a linear fit that yields a = 3.77 X 10° cm/s and b = 0.0266 cm/(s-nm?).
The inset illustrates the geometrical parameters and highlights the
Zone A with length Z by gray color.
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data, which is not realistic. Our results in Figure 3c show that
the RBM in dot-in-rods is located near the core and that only a
certain section of the rod contributes to the vibration.
Therefore, we can introduce a parameter Z that describes the
effective length within the rod that is affected by the RBM
(illustrated by the shaded region in the inset of Figure 4) and
use the corresponding volume Vy,q.4 = ZZR” in eq 4. With the
experimental values for ¢pr and by approximating ccys — Ccgse
~ 0.8 X 10° cm/s (which is the difference of the sound
velocities in CdS and CdSe) we can obtain an estimate for Z,
which is around 7 nm. Consequently, also this simplistic
modeling based on linear elasticity has to account for the
localization of the RBM in the dot-in-rods, and its estimate of
localization is in good agreement with the deformation maps
obtained by finite elements simulations. Furthermore, the
redshift of the F-RBM results from the reduced sound velocity
in the core and therefore increases with increasing core
diameter. The extensional modes are less affected by this
localized reduction of the sound velocity since they are
delocalized over the full rod volume.

The above-described localization of phonon-induced strain
can be of large interest for the optical properties of nanocrystal
heterostructures since acoustic phonons play a crucial role in
the transitions between bright and dark exciton states and for
the photoluminescence (PL) lifetime.”” Exciton—phonon
coupling should be influenced by spatial overlap, and
consequently, we expect faster PL decay for larger cores in
dot-in-rods due to the larger region of phonon strain and good
overlap with the exciton wave function, which indeed was
observed for similar dot-in-rods in refs 23 and 24. We find that
the RBM is localized near the core where also the optical band
gap transitions occur. Such spatial overlap should enhance
exciton—phonon coupling and thereby facilitate transitions to
the dark exciton state. Low-energy acoustic excitations in the
radiative recombination of dark excitons in dot-in-rods were
also observed by Aguila et al.>' In this letter the authors were
puzzled that the acoustic phonon energy could be determined
by modeling confined modes in a sphere, while vibrations
should be governed by the rod shape. This contradiction can be
resolved by our detailed insight into the frequency redshift of
the RBM caused by the dot-in-rod architecture that take their
structure and finite length into account. We further note that
the deformation maps in Figure 3b—d show no coexistence of
separate RBM in the core and rod region, as one could naively
assume.

In summary, we investigated the acoustic vibrations in
nanorods and dot-in-rods by nonresonant Raman spectroscopy
and finite elements simulations. Our work goes beyond the
standard linear elastic theory approach that considers vibrations
in idealized spherical and cylindrical geometries. We reveal that
the RBM in dot-in-rods is localized near the core region and
that the lower sound velocity in the core region results in a
redshift with respect to corresponding bare nanorods. Different
core position within the rod leads to different localization of the
vibration-induced deformations and affects the magnitude of
the red shift. The interplay of strain in NC heterostructures
with the vibrational modes®®*” could be exploited in future to
engineer the band structure and exciton—phonon coupling,
which opens new opportunities for controlling the light
emitting properties.
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