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Abstract

Optical phonon modes confined in CdSSe; x nanocrystal (NC) quantum dots (= 2 nm in
radius) grown in a glass matrix by the melting-nucleation method, were studied by means
of resonant Raman scattering (RRS) spectroscopy and theoretical modelling. The formation
of nanocrystalline quantum dots (QDs) is evidenced by the observation of absorption peaks
and theoretically expected resonance bands in the RRS excitation spectra. Since the
underlying material is a ternary alloy, this system offers the possibility to investigate the
interplay between the effects of phonon localization by disorder and phonon confinement
by the NC/matrix interface. Based on the concept of propagating optical phonons, accepted
for two-mode pseudo-binary alloys in their bulk form, we extended the continuous lattice
dynamics model that has successfully been used for nearly-spherical NCs of binary
materials, to the present case. After determining the alloy composition for NCs (that can be
evaluated with only 2-3% uncertainty using the bulk longitudinal optical phonon
frequencies) and the NC size (using atomic force microscopy and optical absorption data),
the experimental RRS spectra were described rather well by this theory, including the
lineshape and polarization dependence of the scattering intensity. Even though the presence
of a compressive strain in the NCs, introduced by the matrix masks the expected downward
shift owing to the phonons’ spatial quantization, the asymmetric broadening of both Raman
peaks is similar to that characteristic of NCs of pure binary materials. Although with some
caution, we suggest that both CdSe-like and CdS-like optical phonon modes indeed are
propagating within the NC size (and not localized by disorder at a shorter length scale)
unless the alloy is considerably heterogeneous.

PACS: 73.21.La; 68.37.Ps; 71.35.Cc; 78.30.—j; 78.30.Er
Keywords: Resonant Raman scattering, CdScSe;_x nanocrystals; optical absorption, atomic
force microscopy
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l. Introduction

Nanostructures based on II-VI semiconductors, presenting various morphologies, ranging
from nanowires and nanobelts to nearly spherical quantum dots (QDs) are promising for
nanophotonic devices operating in the visible spectral range."" # Pseudo-binary CdS,Se;.x
nanostructures are particularly attractive since their optical absorption and emission spectra
can be tuned by taking advantage of both composition and size control in order to cover the
entire visible spectral region,[3 I'to optimize the magneto-optical properties[4] or to introduce
changes in the materials properties using ultra-fast laser pulses.”*! Although colloidal
chemistry techniques are now able to produce very high quality CdS and CdSe nanocrystals
(NCs) possessing nearly spherical shape and discrete electronic spectra characteristic of
QDs,[” this approach is not feasible for CdSxSe;x alloy NCs. In addition, there are demands
for the synthesis of semiconductor nanoparticles buried in robust transparent matrices such
as silica.l” The traditional melting-nucleation method emerges as a suitable approach as it
allows for the fabrication of CdS,Se;.x NCs with controllable side and Se fraction inside
borosilicate glass matrices.*”

One important issue for the choice of CdSxSe;.x nanostructures is the uniformity of
the pseudo-binary alloy. Then, its electronic properties are simply intermediate between
those of the binary end members.!® As known from the broad literature devoted to Al,Ga;.
«As nanostructures, important effects like the surface segregation in pseudo-binary alloys
can be probed by studying their phonon-related properties by means of far-infrared (FIR)
and Raman spectroscopies.[g’ 10 Raman studies of CdSsSe;x NCs have been performed
before,'” ') demonstrating the usefulness of Raman spectroscopy for the determination of
the alloy composition in NCs. However, most of these studies were performed on relatively
large nanoparticles (NC radius >3 nm) where the contribution of optical phonons with
significant non-zero wavenumbers is not readily seen in the Raman spectra. In this work,
we study quite small NCs of two different compositions and the aim is to explore to what
extent Raman-active phonon modes in alloy NCs can be described by the model
considering (i) dispersive phonons in the bulk uniform pseudo-binary alloy and (ii) spatial
quantization of these phonons in the small radius NCs where the mechanical confinement
effect should be easier to observe. In other words, we wish to find out to what extent the
lattice dynamics model,!'® successfully applied to binary nanocrystal QDs!!" 18 g
applicable to CdSxSe;.x NCs. To the best of our knowledge, the above-mentioned approach
has not yet been applied to alloy NCs where atomic substitution disorder is present. As a
practical aspect of this work, we demonstrate that two independent parameters of alloy NCs,
namely, composition and size, as well as their strain state can be determined by using a
combination of data provided by optical absorption and Raman spectroscopies.

The paper is organized as follows. In the next section we present the essential
information concerning sample preparation as well as the analysis of the optical absorption
spectra. Section III is devoted to the Raman spectroscopy results. Section IV contains
theoretical background, calculated Raman spectra and comparison with experiment. We
conclude in Section V.

Il. NC fabrication and characterization
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2.1 Sample preparation

Samples were prepared using two different protocols hereafter called A and B. CdS,Se;
NCs were synthesized in the glass matrix SNAB with a nominal composition of 40SiO,
.30Na,COs3 .1A1,03 .29B,03 (mol %) by adding either 2[CdO + S + Se] (wt %) or 8§[CdS +
CdSe] (wt %) in the protocols A and B, respectively. In both cases, the first step of the
sample preparation consisted of melting the powder mixtures in an alumina crucible at
1200 °C for 30 min. The crucible containing the melted mixture underwent quick cooling to
room temperature. In the second step, a thermal annealing of the previously melted glass
matrix was carried out at 560 °C for several hours in order to enhance the diffusion of Cd2+,
S* and Se* species into the hosting matrix , thus promoting the formation of CdSSe;
NCs. The as-produced samples were labelled in two classes, A and B, according to the
protocol used in the synthesis. They were characterized by atomic force microscopy (AFM),
optical absorption, and then studied by resonant Raman scattering (RRS) spectroscopy.

2.2 Atomic force microscopy

Atomic force microscopy (AFM) images were obtained with a Multimode Nanoscope Illa
(Digital Instruments — Veeco). Figure 1 shows the AFM images with the corresponding NC
size distributions, in three-dimensions (3D), for the samples A and B subjected to the
longest thermal annealing, 20 h and 28 h, respectively. The average radii estimated for
CdS«Se;.x NCs from these AFM images were R = 1.9 nm (sample A, 20 h annealing) and R
=~ 2.2 nm (sample B, 28 h annealing) for the longest annealing time. The typical AFM
morphology of isolated dots is shown in the detail of Fig. 1 as a two-dimensional (2D)
picture, from which it is possible to observe the NCs’ crystalline faces.

2.3 Optical absorption spectra

Room temperature optical absorption measurements were performed with a Varian-500
spectrometer at room temperature. Experimental absorption spectra of a whole set of
samples A and B are presented in Fig. 2. The recorded spectra show a well-defined
absorption peak associated with the lowest energy transition between quantum-confined
electronic states in the CdSsSe;.x NCs. The growth of CdS,Se;x NCs in both classes of
samples is clearly evidenced by the red shift of the absorption peak as the annealing time
increases.

The absorption spectra, in combination with the Raman spectroscopy data presented
in the next section, allow for an independent evaluation of the NC size, consistent with the
AFM data. The required theoretical background is outlined below.

Within the effective mass approximation (EMA), the energy of the 8-fold degenerate
lowest energy electron-hole (e-h) pair state (conventionally denoted 1s,1S;,,) in a quantum

dot (QD) of radius R is given by:!"!

hZﬂ,Z hZZf eZ
+ + - +AE, . .
£ 2mR* 2m,R’ d &R sirain (D

E (R)=E
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where E, is the bulk band gap energy, m, and m,, are the electron and heavy-hole

[19]

effective masses, y, denotes the first root of a characteristic equation' ' which depends on

the light/heavy hole mass ratio, B =m,,/m,,, and varies between 7 and 5.76. The term in
-1

Eq. (1) scaling as R~ represents the e-h correlation energy, with &, and ¢ denoting,
respectively, the static dielectric constant of the QD material and a coefficient that varies
between 1.77 and 1.91 depending on S. In our calculations we used the values of y, =5
and £ =1.8.

The last term in Eq. (1) describes the effect of elastic strain eventually introduced
by the surrounding matrix,

AE

dE
strain = _3K dPg (&j ’ (2)
a

8

where K is the bulk modulus of the material, is the pressure coefficient of the band

gap energy (~5x10™° eV/bar for both CdS and CdSe'™), g is the lattice constant and du
denotes its variation caused by the NC deformation. There are two factors originating the
NC deformation, (i) NC-radius-dependent surface tension and (ii) NC-radius-independent
deformation owing to different thermal expansion of the NC and matrix materials.
According to Ref. [15], the combined result of these two effects can be described by the
following type of relation,

~&afa=A(T,-T)+B/R* , (3)

where A and B are constants and 7, and T are the sample growth and measurement

temperatures, respectively. In principle, by virtue of Eq. (3) AE depends on the QD

radius.

The electronic properties of bulk CdS,Se; are known to change continuously
between those of the end member binary compounds. According to Refs. [21, 22], the band
gap energy depends on composition in the following way:

E, (x) = fo{C‘JS) + (1 - x)Ef{Cdse) - blx(l - x) —AE, (x) , “4)

with b, 220 meV and AE,(x)<30 meV. As for the effective masses, no detailed data are

available for intermediate compositions and we used the so called virtual crystal
approximation (VCA) where the parameters vary just linearly between the corresponding
values of CdSe and CdS."® In our calculations we used E , obtained from Eq. (4) and the

VCA values of m, and m,, (derived from the parameters given in Table I). The alloy

composition was determined from the Raman spectra as explained below. By substituting
the energy of the first peak in the measured absorption spectra (Fig. 2) into Eq. (1) and
solving for R, while neglecting AE we obtained the values of 1.95 and 2.18 nm for

strain *
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samples A (20 h annealing) and B (28 h annealing), respectively. However, if we take into
account the strain which can also be estimated from the Raman spectra (Section IV),
oa/a ~—0.01, the estimated average radius is slightly higher, 2.05 and 2.29 nm for the
samples A and B, respectively. These values agree quite well with the data obtained from
the AFM images.

lll. Experimental RRS spectra

Raman spectra were recorded at two temperatures (15 and 300 K) using a JY-T64000
micro-Raman spectrometer in the backscattering geometry and employing several resonant
lines of an Ar" laser. Figure 3 shows room temperature (RT) spectra of several samples of
the A and B classes after performing different annealing time treatment. The formation of
ternary CdSxSe;x NCs in all cases is evidenced by the presence of the CdS-like and CdSe-
like LO-phonon-type Raman peaks. It can also be seen from Fig. 3 that the difference
between the two peak frequencies (A® ) remains approximately constant regardless of the
thermal annealing time employed. This result is interesting since it indicates a good control
over the growth kinetics of CdSsSe;x NCs, so that the composition (x) remained nearly
constant during the annealing procedure for both classes of samples (A and B). A similar
behaviour has been reported in the literature only for CdS;xSex NCs with roughly equal
content of substitutive S and Se chalcogen atoms (0.4 < x < 0.6).[14]

Figure 4 shows the dependence of the maximum scattering intensity upon the
excitation wavelength, 4, , and the corresponding absorption spectra are provided for

comparison. The experimental points are fitted by theoretical resonance curves,

F(Q,.0)=C| R(E) exp (E-Ef R, (5)
o (E-nQ, Y (E-nQ, +ho) 2N |dE

where C is a constant, Q, =2/ 4, , @ is the Raman shift (corresponding to one of the
spectral peaks), R(E ) is the inverse of the function E(R) given by Eq. (1), E, is the photon
energy corresponding to the absorption peak associated with the 1s,1S,,, exciton transition,

and A’ is the dispersion of the exciton ground state caused by the QD radius distribution.

Equation (5) is a convolution of the resonant curve of a single QD with a Gaussian function
describing inhomogeneous broadening because of the QD radius dispersion in the sample.
(It will be derived in Section 1V). Note that the maximum of the resonance curve is just
slightly shifted with respect to the absorption peak and the experimental points follow Eq.
(5) quite well. This provides strong evidence that the RRS process for both CdS-like and
CdSe-like phonons indeed is mediated by the exciton states confined in the nanocrystal
QDs.

Turning to the peak positions and spectral line shapes (see Fig. 5), we immediately
notice that the characteristic phonon frequencies increase and the phonon damping
decreases when the temperature is reduced, as expected. Several factors are to be taken into
account for a more profound analysis of Raman-active phonon modes in NCs made of a

ternary alloy semiconductor and embedded in a host matrix:'"* '?!
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(1) dependence of the bulk phonon spectra on the alloy composition,

(i1) quantum confinement effect on the phonon and exciton spectra, and

(iii))  possible effects of elastic strain introduced in the NC by the surrounding matrix.
In the next section we consider theoretical aspects of each of these factors.

IV. Theory and comparison with experiment
4.1 Bulk phonons

We begin by describing the bulk optical phonons in CdS,Se;., alloys following the
literature.*! According to the established classification, CdSSe; is a typical two-mode
pseudo-binary alloy, that is, for any composition, 0 < x <1, there are two sub-bands of
transverse (TO) and longitudinal (LO) optical phonons, called CdSe-like and CdS-like,
respectively. The long-wavelength phonons belonging to these sub-bands are seen both in
the FIR (TO modes) and Raman (LO modes) spectra.[23] In the limit of x — 1, the CdS-like
sub-band resembles the optical phonon band of pure CdS whereas the CdSe-like one
reduces to a local vibrational mode, i.e. its dispersion and the LO-TO splitting are
vanishing. In the opposite limit of x — 0 the two sub-bands change their roles.

It has been established that the long-wavelength TO phonon frequencies, @) (x)
(hereafter j=1,2 denotes the CdSe-like and CdS-like vibrations, respectively), vary

approximately linearly between the corresponding limit values as x changes between 0 and
124251

Mg\ (CdSe) CdS (Se) (cdse | .. .
a)TO ('x) - a)TO + [a)loc - a)TO ]X ’

()N _ . (CdS) Cdse(s) (cds) (6)
Wy (X) = wp" + [a),m_ — g ](1 -X).

The phonon-related dielectric function of a two-mode pseudo-binary semiconductor
alloy usually is well described by the simple two-oscillator model,”’

_ P, (D (x)°
g(w, x) =€w+z <j>(x)2_a;2—ia)r» ’ @

=R j

O

0

where £ = (1-x)&'” +x&'¥ is the high-frequency dielectric constant, p; are oscillator
strengths and I'; are phenomenological damping parameters. It is usual to assume

p; = (géj) —& )x where &/’ is the static dielectric constant of the corresponding end-

o) j?
member material [for which the Lyddane-Sachs-Teller (LST) relation holds,
50/% :(a)w/a),m)z], x,=1-x and x, =x.
Using Egs. (6) and (7), the corresponding bulk LO phonon frequencies of the alloy
can be found as zeros of Re&(w, x). The long-wavelength phonon frequencies, @) (x)
and @} (x), calculated as described above and using the material parameters from Table I
are presented on Fig. 6. Since the positions of the CdS-like and CdSe-like bulk-type modes,

John Wiley & Sons
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for a given alloy composition, can be affected by other factors such as strain, it was
suggested[24] to use the difference between the CdS-like and CdSe-like LO phonon mode

frequencies, Aw,,(x) = @5 (x)— . (x). This quantity is also plotted on Fig. 6. Using the

calculated Aw,,(x) dependence, we determined the approximate NC composition from the

measured Raman spectra, x, ~ 0.6 and x, ~ 0.2 for the samples A and B, respectively.
These values will be defined more precisely after taking into account the phonon
confinement effect.

Figure 6 also shows the frequencies of the electrostatic surface modes, defined by
the equation,

5(60, .X):— Ey s (8)

for I =2 (&, is the dielectric constant of the surrounding medium). Modes with angular
momentum number /=2 are supposed to be Raman-active in a spherical particle from the

well-known symmetry arguments.'*”! Usually they were considered in the modelling of the
Raman spectra of nearly spherical nanoparticles.” ''"*! Let us note that Eq. (8) takes into
account only electrostatic confinement but not the mechanical boundary conditions.
Therefore one should expect it to predict correct frequencies of the Raman-active
quadripolar phonon modes only for rather large nanoparticles. We shall return to this point
below.

4.2 Phonon confinement

As it is well known, the RRS of NCs consisting of a pure semiconductor material are
determined by two factors, namely (i) the structure of spatially quantized electronic states
that are resonantly excited by the incident light and (ii) the optical phonon modes
interacting with these electronic states. If we assume that the CdS,Se;., NCs investigated in
this study can be considered crystalline and approximately spherical in shape and the
interaction between the e-h pairs and optical phonons described by the Frohlich
Hamiltonian, then phonon modes with angular momenta /[ b= 0, 2 contribute to the

scattering’ ' .'® In general, these modes have a mixed longitudinal-transverse-interface
nature, i.e. the displacement vector of such a mode contains each of these three components.
They are classified, beyond the angular momentum, by two more ‘“‘spherical” quantum
numbers, m » and n b While the mode frequencies, hereafter denoted @,, where

V:{lp,mp,np}, are degenerate with respect to the momentum projection m, (unless

anisotropy of the QD material is taken into account), they depend on the “radial” quantum
number n,. This dependence reflects the bulk optical phonon dispersion curves, namely,

! Optical deformation potential (ODP) mechanism of the electron-phonon interaction gives rise to the
participation of phonons with angular momenta 1 and 3 in the resonant Raman scattering.""”’ However, as
shown in Ref. [26], the contribution of these modes can be neglected for most II-VI NCs because of the small
value of the ODP characteristic constant.

John Wiley & Sons
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both the LO, w,,(g), and TO, @,,(g), phonon branches. The confined mode frequencies
are distributed between min{a)w(cj), a)TO(é)} and max{a)w(cj), @r, (ﬁ)} with the phonon
wavevector § varying throughout the Brillouin zone.""” ' The phonon modes with n > 1

are responsible for the asymmetric broadening of the Raman lineshape, characteristic of
RRS in NCs.

If we wish to apply the same model, successfully used for semiconductor
heterostructures''® and first proposed for spherical QDs in Ref. [27], to NCs made of a
pseudo-binary alloy, several questions arise. First, to what extent can one use the concept of
phonon wavevector and bulk phonon dispersion curves in this case? Any random alloy is a
disordered system and therefore, generally speaking, g is not a good quantum number. The

literature reports on the discussion concerning this issue with respect to pseudo-binary
semiconductor alloys, mostly in the case of Al,Ga;,As. The conclusion supported both
experimentally'®™ and by numerical calculations'” was that the band picture of the two
bulk phonon modes (GaAs-like and AlAs-like, in the case of Al,Ga;.,As) remains valid and
well defined GaAs-like and AlAs-like phonon dispersions exist for any composition x .
According to Ref. [30], Raman-active LO phonons in Al,Ga;As have well defined
momenta and are coherent over distances of several tens of nanometres. Since CdS,Se;.,,
similarly to Al,Ga;As, is an exemplary two-mode alloy, we shall accept the validity of this
conclusion in our case. It means that the spatial confinement effect on phonons in NCs of a
few nm in size, consisting in the quantization of the phonon wavevector, is important and
can be treated essentially in the same way as for NCs of pure binary materials."'™*"! The
second, practical question is what are the bulk phonon dispersion curves for the CdSe-like
and CdS-like modes? Since such a data are not available, again, we shall use the analogy
with the Al,Ga;.,As alloy. Regarding the alloying effect it has been shown!** **! that the
phonon bands are shifted and the dispersion is smaller than the dispersion related to the end
member compounds. Additionally, disorder also produces broadening of the Raman and
FIR-active modes. Then, we shall assume that the band-edge LO and TO phonon
frequencies shift as the composition x changes in the same way as the corresponding
Brillouin zone-centre frequencies. In other words, the bending parameters of all four bulk
dispersion curves vary linearly with x and vanish in the limit of x —> 1 for CdSe-like
modes and x — 0 for CdS-like ones. Given the relatively large difference between the
frequencies of the CdSe-like and CdS-like modes, they can be considered independently.

According to the adopted model, phonon eigenmodes are determined by the coupled
equations,

o~ o) = ppoe (7 ) gy 9 () L D5

2

4 (%) (= o ©)
W(V-u), ] —1, 2

where u is the relative displacement of two sub-lattices, ¢ denotes the electrostatic

potential, 3;) and f.) are phenomenological curvature parameters of the corresponding

John Wiley & Sons
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bulk phonon dispersion curves, defined as discussed above, p is the average reduced mass
density of anion-cation pairs, and the polarisability of each mode is defined as

a? (x) = \/Ew (0)B(x) (0)282 (x)— a)%)2 ()C))/(47Z') . (10)

As before, we used the standard electrostatic and rigid mechanical boundary
conditions. Details of the calculation of the phonon eigenmodes can be found in Refs. [18,
31]. We have just generalized it to Egs. (9) and (10). The designation of the eigenmodes, v,
is now extended to include the branch number, ;.

4.3 Calculation of the Raman spectra

Once the participating electron-hole states (the 1s,1S;,, octet, in our case) and the Raman-

active phonon modes have been determined, the calculation of RRS spectra is
straightforward.!"” '® For the first-order Stokes process, the scattering probability per unit
time and per incident photon is given by the following expression,

|2

Z (ﬁOk 'gl)(ﬁ;k’ 'és )Bl‘c/k’

Sw-w,).
k&' (Ek - hQI )(Ek - hQs )‘

R P

T Q,QV my ) 4

(11

In Eq. (11) Q,(Q,) and &, (&) are the frequency and polarization vector of the
incident (scattered) photon, respectively, @ =Q, —€)¢ is the Raman shift, V is the QD
volume, m, denotes the free electron mass, 77 is the refraction index, k enumerates
different e-h pair states with the energy E, (R) and the momentum matrix element of the

corresponding optical transition (denoted by p,, ), and N (a)v) is the Bose-Einstein function.

)

The matrix elements of the Frohlich interaction, B,,., proportional to a'?” | were calculated

using the EMA wave functions with the VCA effective masses as explained in Ref. [18]. In
the calculations the sum over k was restricted to eight sub-states of the 1s,1S;,, octet. As

usual, the o -functions centred at the phonon frequencies were replaced by Lorentzians
with a homogeneous width I',, (we took I', =15 cm’). The scattering probability
determined by Eq. (11) was averaged over the QD radius distribution which was assumed
Gaussian with the mean radius as determined from the absorption spectrum and the
standard deviation of 10% (see below). The calculated spectra for two samples are shown
in Figs. 7 and 8 together with the corresponding experimental ones. We shall compare them
in the next section.

Let us derive the resonance function (5) for an ensemble of QDs with different radii.
If we assume that the sub-states of the 1s,1S;,, exciton state are degenerate, i.e. E, = E, for

all k, we get:

John Wiley & Sons



©CoO~NOUTA,WNPE

Journal of Raman Spectroscopy

Cr

w(Q,, :
(@)= (E, -1Q, ) (E, - 1Q, + hao)

(12)

where E, is the ground state energy and C, is the exciton-phonon interaction constant,
C, oc R7"* "% 27 (Notice that E, and C, are the only parameters that depend on the QD
radius.) Photon energies 7€), = E, and 7€) = E,, the poles of Eq. (12), correspond to so

called incoming and outgoing resonances.!'”! They can be resolved only if the
inhomogeneous broadening is sufficiently small.
Let us assume a Gaussian distribution of QD radius,

1 (R-RY
fr(R)= expl -5 | (13)
i 27N, 24%
where A’ is the radius dispersion. Then the RRS cross-section for the QD ensemble is:
d’c
Qo) |WIQ,,0)f.(R)dR . 14
dodq, Qo) W@ o) (R) (14)

By substituting (12) and (13) and changing the integration variable in (14) we
obtain Eq. (5) with A2, = (dE/dR)’ A%, where E(R) is given by Eq. (1).

4.4 Discussion

The expected effects of phonon confinement, seen in the calculated spectra, include the
asymmetric broadening and the downward shift of the Raman peak positions with respect
to the corresponding bulk LO phonon frequencies (see Table II). The calculated results
qualitatively reproduce the main features of the experimental spectra, such as the width and
the relative intensity of the two bands for two different compositions. It makes us confident
that the general idea of our model is correct when assuming that there are dispersive optical
phonons in a two-mode pseudo-binary alloy and that, consequently, the phonon-related
properties of a QD made of such a material can be derived from the continuum lattice
dynamics approach by applying appropriate spatial confinement conditions. We notice that
the most important contribution to the polarized RRS spectra comes from spherically-

symmetric (/= 0) confined modes, as it has been demonstrated for QDs made of binary II-
VI materials.""” '*! The values of the downward shift of the Raman peak positions with
respect to the corresponding bulk LO phonon frequencies are rather large in these small-

radius NCs. It turns out that the difference between the frequencies of two Raman peaks in

CdS,Sej.x NCs is only slightly affected by the phonon confinement effect. In fact, this
difference, Aw,, = ®5™ —$™ , is only 2 cm lower compared to the corresponding
bulk alloy for sample A (20 h) and only 1 cm™ higher for sample B (28 h). It means only a

2-3 % correction to the composition determined from “bulk” Aw,,(x) presented in Fig. 6.

John Wiley & Sons 10
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Concerning the quadripolar (/,=2) modes, they contribute significantly to the
parallel-polarized spectra and are entirely responsible for the cross-polarization ones. These
vibrations possess not only surface but also transverse and longitudinal components and
have different frequencies classified according to different values of the radial quantum
number, 7. They do not coincide with those of the two electrostatic surface modes defined

by Eq. (8). Only in the limit of large QD radius (large n,-s) and under the assumption that
many e-h states contribute to the Raman scattering, the net effect of all / =2 vibrations

can be described by the approximation of dispersion-less phonons leading to Eq. (8).
(Similar situation takes place for FIR-active / =1 QD phonons as discussed in detail in Ref.
[31].)

Parallel-polarized spectra have higher intensity than the crossed-polarized ones, as it
is usual for spherical QDs!"™® and naturally explained by the fact that / =0 phonons
contribute only to the former. The observed depolarization ratio (0.3 — 0.4) is also typical
for such systems and its precise value depends on several factors including QD size
distribution and resonance conditions. The Raman band looks narrower in the parallel-
polarized spectra because the frequencies of the (dominating) / =0 modes are limited to

the LO branch of the bulk phonon dispersion curve, while the / =2 mode frequencies, in

principle, occupy the whole range between @,, and o,,. The asymmetry of the Raman

bands, characteristic of all NC spectra and explained mainly by the contribution of phonon
modes with n > 18 is more clearly seen in the experimental spectra than in the calculated

ones (Figs. 7 and 8). It could be due to significant deviations of the NC shape from
spherical (i.e. shape disorder!'®), however, since the samples were grown at a rather high
temperature, we think it is unlikely. It seems more plausible that the linear approximation
assumed for the x dependence of the Brillouin zone edge phonon frequencies used in the
calculation of the Raman spectra is not quite correct and the dispersion of the CdS-like and
CdSe-like phonon bands of bulk CdS,Se, . is larger than it follows from that approximation.
Comparing the calculated and experimental Raman peak frequencies, there is a systematic
shift between them (Table II). The values calculated for both samples are lower by
approximately 10 cm™ in all cases. Most likely this systematic shift is due to a compressive
strain introduced in the NCs by the surrounding matrix. This effect has been previously
reported for NCs embedded in borosilicate glasses!'”> ****! and can be understood within the
Griineisen model®* of uniform relative shift of all vibration frequencies in a solid
subjected to deformation,

Sl = -3y, (da/a), (15)

where y, is the Griineisen parameter. We see from Table II that the absolute value of the
upward shift is somewhat higher for CdS-like modes (compared to the CdS-like ones), in
agreement with Eq. (15). Since y,, = 1.1 and from Table II the upward shift of the
stronger Raman peak is 0@ ;,, = 12.7 cm’ for the sample A and 00 yso e * 81 cm’ for
the sample B, we can evaluate a typical value of compressive strain in the NCs,
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da/a~-0.013 and —0.012 for the samples A and B, respectively. As mentioned in
Section II, this strain results from two effects, namely, thermal expansion and surface
tension. The latter should depend upon the QD radius [see Eq. (3)], even though we could
not verify it quantitatively.

V. Conclusion

We measured and modelled resonant Raman spectra of nearly-spherical CdS,Se;., NCs
grown by the melting-nucleation method. The Raman-active phonon modes were derived
from the continuum lattice dynamics approach by assuming that both CdSe-like and CdS-
like optical phonon modes are propagating within the NC domain (unless either x or 1—x
is too small, in which case one of them reduces to a local mode). Since the excitation was
performed in resonance with the absorption band associated with the lowest energy
excitonic transition in the NCs, we used the EMA theory in order to explicitly describe the
relevant electron and hole states in the QD. The measured RRS excitation spectra are in a
very good agreement with the calculated resonance curves. The observed effects of

temperature and scattering polarization on the spectra also are well understood theoretically.

The general agreement between the theory and experiment in terms of line shapes and
relative intensity of the CdSe-like and CdS-like modes is also rather good. However, the
phonons’ spatial quantization effect, which is a consequence of their (assumed) dispersive
character in the bulk CdS,Se;., alloy, is masked by the presence of a further effect, namely,
compressive strain in the NCs. It would be desirable to eliminate the strain effect in order to
show unambiguously the propagating nature of the optical phonons in this two-mode
pseudo-binary alloy as it was shown for Al,Ga,.,As using short-period superlattices.”® As
a practical conclusion of this study, we note that the confinement and strain effects
(opposite in sign of the shift that they produce) are similar for the CdSe-like and CdS-like
modes. Therefore, one can evaluate the alloy composition for a NC with only a 2-3 %

uncertainty from the NC Raman spectrum using the bulk Aw,,(x) curve. Therefore we

propose the following recipe to evaluate the parameters of alloy NCs, namely, the
composition and size, as well as their strain state by using a combination of optical
absorption and Raman spectroscopies: (i) determine the alloy composition from the
distance between the principal Raman peaks, (ii) given the composition, calculate the NC
radius from the absorption peak position, (iii) estimate the NC strain from the position of
the more intense Raman peak by comparing the experimental and theoretical values, and, if
necessary, (iv) recalculate the NC radius from the absorption spectrum taking the strain
effect into account. Finally, we would like to point out that the two variants of the melting-
nucleation method of NC fabrication employed in this study revealed the good control the
method provides over the alloy composition whereas the subsequent annealing procedure
permits fine tuning of the NC size without affecting its composition.
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Table 1. Material parameters (7=300 K) 12

Para_ Eg s eV me/mO mhh/mO a)TO ’ a)LO ’ a)[,,c ’ ‘900 K, 1010
meter cm’! cm’! cm’ Pa
CdSe 1.75 0.13 0.45 168 210 | (S)266 | 6.10 5.50

CdS 2.50 0.20 0.70 238 302 (18865) 5.32 6.15

Table IL Calculated and experimental Raman peak frequencies [cm™]
Sample R, | CdSe-like | CdSe-like Experim CdS-like | CdS-like Experim
P nm | bulk NC PEI- T pulk NC perim.

Ax=0.6) | 1.7 190.0 185.3 195.6 295.5 288.7 301.4
B(x=0.2) | 2.1 200.4 196.3 204.4 279.7 276.7 286.8

™ Compiled from Refs. [8,19]
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Figures captions

Figure 1. (colour online) AFM images and size distributions of CdS,Se,x NCs embedded in a
sample A (a) and a sample B (b), subjected to thermal annealing at 560°C for 20 h and 28 h,
respectively. A 2D image of isolated NCs is shown in detail.

Figure 2. (colour online) Room temperature absorption spectra of samples A (a) and B (b)
subjected to thermal annealing at 560°C for several hours. For comparison, it is also shown the
absorption spectrum of SNAB glass matrix (bottom).

Figure 3. (colour online) Unpolarized RRS spectra recorded at room temperature from samples A
(a) and samples B (b) subjected to thermal annealing at 560°C for different time as indicated.

Figure 4. (colour online) Absorption spectra of the samples (a) A and (b) B subjected to thermal
annealing for 20h. Resonant Raman curve of the corresponding samples (c) A and (d) B obtained
from several excitation wavelengths.

Figure 5. (colour online) Experimental RRS spectra (A, =488 nm) with (a) parallel and (b) cross

polarisations recorded at two different temperatures from the sample B subjected to thermal
annealing for 20 h.

Figure 6. (colour online) Calculated frequencies of bulk optical phonons and electrostatic surface
modes for CdS,Se, alloys of different composition. Also shown is the difference between the
frequencies of the CdS-like and CdSe-like LO modes. The surface mode frequencies were

calculated assuming ¢&,, = 2.25 for the surrounding medium.

Figure 7. (colour online) Experimental (A, =488 nm, panel a) and calculated (b) RRS spectra of

sample A (annealed for 20 h) for two polarizations of the scattered light. The inset shows relative
contributions of the different confined phonon modes with angular momenta 0 and 2 to the parallel
polarisation spectrum.

Figure 8. (colour online) Same as in Fig. 7 for sample B annealed for 20 h.
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Figure 1. (colour online) AFM images and size distributions of CdSxSel-x NCs embedded in a
sample A (a) and a sample B (b), subjected to thermal annealing at 560°C for 20 h and 28 h,
respectively. A 2D image of isolated NCs is shown in detail.
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