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Abstract

CdsSe nanocrystals (NCs) were obtained from cadmium sulfate and sodium

selenosulfate in aqueous gelatin solutions. A near-bandgap emission of CdSe
NCs was noticeably enhanced after passivation with CdS or ZnS. Resonant
Raman scattering spectra of the passivated NCs revealed new peaks attributed
to the formation of the sulfide shells around CdSe cores. The peaks observed
for the CdSe/CdS core—shell NCs near 280 cm~! were attributed to LO
vibrations within a thin CdS passivating layer. Observation of the peak in the
same frequency range for CdSe/ZnS is discussed within an assumption of
alloying at the core—shell interface. Notable changes in the Raman spectra at

different excitation wavelengths and shell parameters were attributed to the

resonant and size-selective nature of the Raman process.

1. Introduction

In semiconductor nanocrystals (NCs) and other nanosized
systems with the number of surface atoms comparable to
that of the inner ones, the surface plays a crucial role in
determining the physical properties of the structures and
affecting their applications [1]. As the surface atoms act
as defect states, trapping charge carriers and deteriorating
the emission properties of the NCs, a number of passivation
procedures have been developed in order to diminish their
negative effect [1-4]. Organic ligands cannot passivate both
cationic and anionic surface traps simultaneously [2]. Particles
passivated by a layer of a wider-bandgap semiconductor
material (so-called ‘core—shell” nanocrystals) are more robust
than organic-passivated nanocrystals and therefore have greater
tolerance with respect to the processing conditions necessary
for incorporation into solid structures [3, 5-8]. In this case
non-radiative decay channels through surface states are not
accessible for electrons confined inside the core and therefore
such core—shell structures show higher photoluminescence
(PL) quantum vyield [2, 6, 8] and other benefits related to the
tuning of the bandgap in two materials.
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Significant progress has already been achieved in the
synthesis of CdSe NCs passivated with a single layer of sulfide
or selenide using, for example, CdS [2, 9], ZnS [6, 8, 10]
and ZnSe [11, 12], as well as with multilayer shells (quantum
dot—quantum well structures) [13]. For a better understanding
of the nature of factors governing the changes in the PL
efficiency, an insight into the changes in the structure of the
CdSe NC shell and of the core—shell interface is required.
While the internal structure of the core in the NCs can be
studied by high-resolution transmission electron microscopy
(HRTEM) [8], the internal structure of the shell and the
interface between core and shell are hardly discernible. X-ray
diffraction (XRD) analysis shows a clear contribution from, for
example, ZnS shell only for samples with high ZnS coverage
because the scattering factors of ZnS are smaller than those
of CdSe [8]. At the same time, the potential of resonant
Raman scattering (RRS) in exploring the structure of even
sub-monolayer-thick shells of semiconductor core-shell NCs
has recently been demonstrated [14]. Contrary to electronic
properties of the core—shell NCs which have extensively been
studied by many research groups, there exist only a few studies
on the vibrational properties of such systems [12, 14-16].
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Figure 1. Normalized optical absorption (a) and PL (b) spectra of bare CdSe as well as CdSe/CdS and CdSe/ZnS core-shell NC samples. PL
spectra were excited with 441.7 nm laser light. Arrows in (a) show the wavelengths used for excitation of the Raman spectra.

Table 1. Frequencies, linewidths and intensities of the Raman peaks observed for CdSe/CdS and CdSe/ZnS core—shell NC samples. Each
value of the CdS-like peak intensity is defined relatively to the LOcyse peak in the same spectrum.

CdSe-like peak CdS-like peak
o (cm™) o (em™) v (cm™) v(em™) I (cm™) I (au)
Sample Aexe (NM) (+0.4)? (40.4)? (1.0 (40.8) (+0.8) (+0.2)?
CdSe 514.5 206.6 15.0 177.4 — — —
Non-passivated 457.9 206.0 15.6 180.0 — — —
[CdSe]:[CdS] = 1:0.5 5145 206.0 121 181.7 277.0 374 0.2
Cdthen S 457.9 203.4 154 186.7 282.0 54.0 0.5
[CdSe]:[CdS] = 1:1 514.5 205.7 125 181.6 278.3 24.0 0.3
Cdthen S 457.9 203.2 13.2 185.4 283.3 55.0 1.2
[CdSe]:[CdS] = 1:1 514.5 205.8 12.2 180.4 277.8 28.3 0.2
S then Cd 457.9 203.7 134 189.5 278.3 48.0 1.0
[CdSe]:[CdS] = 1:3 514.5 205.5 9.6 183.7 281.0 274 0.4
S then Cd 457.9 202.0 12.8 187.5 283.3 49.0 14
[CdSe]:[ZnS] = 1:1 514.5 205.3 8.8 183.0 283.0 32.0 0.8
S then Zn 457.9 202.4 11.3 193.0 289.0 35.0 2.1

2 The values of the experimental error are given in parentheses.

In the present paper, we discuss the results of a resonant
Raman scattering study of a series of CdSe NCs synthesized in
aqueous solutions from sodium selenosulfate and subsequently
passivated with cadmium or zinc sulfide.

2. Experimental details

The series of samples under study consisted of CdSe NCs,
both bare and passivated with CdS or ZnS. CdSe NCs were
synthesized in a solution containing cadmium sulfate, gelatine
and sodium selenosulfate. The details of the preparation of
CdSe NCs both in solutions and in glass-anchored gelatin
films, as well as their extended optical characterization, can be
found elsewhere [17]. Passivation of CdSe NCs with CdS or
ZnS was achieved by addition of measured volumes of CdSO,
or Zn(NOg3), solutions followed by stirring for 5-10 min and
subsequent addition of an equimolar amount of sodium sulfide
solution. The passivation was performed at several core-to-
shell volumes and two ways of passivation: with the Cd(Zn)-
supplying reagent being added before the sulfur-containing one
(‘Cd(Zn)—then S’ scheme) and vice versa (‘S—then Cd(Zn)’)
(table 1).

Absorption spectra of the films were recorded using a
Specord M40 double-beam spectrophotometer. Raman and
photoluminescence (PL) spectra were recorded using a triple
monochromator Raman system (Dilor XY 800) equipped
with a charge-coupled device (CCD) camera for multichannel
detection. Excitation of the spectra was made with a series
of Art- and He-Cd laser lines. The spectral resolution of
the Raman spectra and PL spectra was 2 cm~* and 1 nm,
respectively. All the measurements were performed at room
temperature on the NCs embedded into films of the stabilizing
polymer (gelatine).

3. Results and discussion

As follows from the absorption and PL measurements (fig-
ure 1), the obtained CdSe nanocrystals reveal a typical
confinement-related feature at 496 nm in the absorption spec-
trum, corresponding to the HOMO-LUMO transition [18].
The average CdSe nanocrystal diameter d, determined from the
absorption edge energy position based on dependences E(d)
derived in [19, 20], is about 2.6 4+ 0.3 nm (curve 1).
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Figure 2. (a) Resonant Raman scattering spectra of CdSe and CdSe/CdS passivated NCs (‘S—then Cd’ scheme). (b) An example of fitting the

main Raman peak of CdSe NCs with using two Lorentzians.

The PL spectrum of the initial CdSe NCs consists of
a relatively sharp near-band-edge emission peak centred at
550 nm and a weak broad (FWHM ~ 100 nm) band around
700 nm, significantly redshifted from the NC absorption edge
and obviously caused by surface states [3, 21]. Following the
procedure developed in [22], CdSe NCs size dispersion was
estimated from their absorption and PL spectra to be about
15 + 5%.

As follows from figure 1, surface passivation results
in a shift of the absorption and emission spectra to lower
energies. This shift has been observed for different core—shell
materials and explained by partial tunnelling of the electron
wavefunction into the shell [2, 6, 8, 14]. The magnitude of
the shift increases with the shell thickness or, in the case of
equally thick shells, for the shell made of a lower bandgap
material. The effect of the shell formation on the PL spectra
is revealed, along with the ‘red” shift, as a remarkable increase
in the intensity of the near-edge emission—hby a factor of up
to ~4—and suppression of the ‘trap’ emission band (figure 1).
The detailed optical study of the core—shell NCs is reported
elsewhere [23].

The Raman spectrum of the non-passivated CdSe NCs
excited with 514.5 nm line of an Ar* ion laser (figure 2,
curve 1) contains peaks related to the longitudinal optical (LO)
phonon at 206.6 cm~! and its overtone (2LO) at 411 cm~1. The
downward shift of the LO peak from its position for bulk CdSe
at 210 cm™?t [24] is frequently observed for NC sizes below
10 nm due to the effect of spatial confinement of phonons in
NCs [25-28]. The presence of strain has been identified in
a wide range of NC samples and found to have a remarkable
effect on the phonon spectra of NCs, opposing the effect of
confinement [25, 26, 29, 30, 43].

The LO peaks of all the samples are observed with a low-
frequency ‘shoulder” which is typical for NCs of such small
size and ascribed to the effect of phonon confinement [27]
and/or to the contribution of the surface optical (SO)
vibrations [31]. Obviously these two effects are always present
in the spectra of small NCs. A satisfactory curve fitting of
the spectra was achieved with using two Lorentzian profiles,
representing LO and SO peaks, correspondingly (figure 2(b),
table 1).

In the Raman spectra of the NCs passivated with CdS
an additional peak at ~280 cm~? is observed as compared to

bare CdSe NCs (figure 2). As the frequency of the Raman-
active LO phonon in bulk CdS is 305 cm~* [32] and decreases
down to 280-300 cm~! in thin layers and superlattices due
to a combined effect of strain and phonon confinement [33],
the observed peak can be attributed to the LO phonon in the
CdS shell. Such a downward shift from the bulk LO phonon
frequency value in the present case can also result from phonon
confinement and strain. Since the shift is fairly large, one can
hardly attribute it solely to confinement effects, for which a
shift of less than about 5 cm~" could be expected based on the
experimental results for thin epitaxial CdS layers [33]. The
significant broadening of the peak can be a result of phonon
confinement and non-homogeneity of the very thin passivating
layer.

In the case of small CdS concentration in the parental
solutions (not exceeding the CdSe concentration), we did not
observe any difference in the Raman spectra of the samples
for two different passivation sequences (‘Cd-then S’ or ‘S—
then Cd’) (table 1). This is in agreement with the shifts of
absorption and near-bandgap PL maxima of these NCs [23].
The intensity of the PL was, however, found to be much more
sensitive to the shell growth parameters at these small shell
thicknesses [23].

The Raman spectrum of the sample with a higher
thickness of CdS shell ([CdSe]:[CdS] = 1:3) differs from that
with [CdSe]:[CdS] = 1:1 and the same passivation scheme
‘S then Cd’. A higher frequency of the CdS-like peak for the
former sample is accompanied with an increase in its intensity
(figure 2). Both the absorption and PL bands of this sample
show larger ‘red’ shifts with respect to the unpassivated CdSe
NCs spectrum, as compared to the case of [CdSe]:[CdS] =
1:1, evidently indicating an increase of the thickness of the
passivating layer (figure 1).

The upward shift of the CdS-like Raman peak with
addition of more CdS may be partially a consequence of
the shell thickness increase due to weakening of the phonon
confinement in the thicker shell. The increase of this peak
frequency due to changes in the strain state of the shell with
increase of its thickness is less likely. Due to the 4% lattice
mismatch between CdS and CdSe, the growth of the CdS
shell on CdSe NC can lead to a noticeable compressive strain
in the CdSe core and a tensile strain in the CdS shell. An
increase of the shell thickness will lead to an increase of the
compression in the core and a reduction of the tensile strain
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Figure 3. Resonant Raman scattering spectra excited with 514.5 and 457.9 nm laser lines for CdSe (a) and CdSe/CdS (b) NCs.

in the shell, if the strain is not relieved through the formation
of dislocations. The decreased tensile strain in the shell can
result in the observed frequency increase of the CdS-like peak.
However, the observed shift to lower frequencies of the CdSe
phonon peak does not confirm such an assumption about the
strain redistribution on increasing shell thickness. The growth
of the CdS-like peak intensity in the case of CdSe/CdS NCs
is unlikely to be directly related to the augmentation of the
scattering (shell) volume. We relate it to a decrease of the
energy of the resonant electronic transition in the shell with
its thickness increase, resulting in a better matching of the
resonant conditions. The importance of resonant conditions
for observation of this peak is discussed below in more detail.
The increase of both the intensity and the width of the CdS-like
peak at shorter excitation wavelength Xy (figure 3) can be the
result of non-uniformity of the shell thickness among the NCs.
At shorter ey the transition energy of more shells matches the
resonance conditions, leading to a increase of both the intensity
and the width of the shell-related peak.

The frequency of the surface optical phonon peaks of
the CdSe core vso increases only slightly in the passivated
samples (table 1), indicating that no significant compressive
strain appears at the core—shell interface. Due to their surface
localization, the SO phonons are supposed to be more sensitive
to the strain at the interface than LO phonons inside the
core. We have calculated vso CdSe NC embedded in gelatin
using the same formalism as in [14] and the same values of
v1o(CdSe bulk) = 167.5 cm~1, bulk dielectric constants of
CdSe ¢, = 6.1, &p = 9.3 and that of gelatin egg. = 2.37. The
calculated vsp = 193 cm~! shows quite a large discrepancy
with the experimental value of 177-180 cm™1.

In order to explain the experimentally measured values
of vgo being about 10 cm™! below those calculated for a
spherical NC, the authors of [34] involved a significantly
prolate (ellipsoidal) shape of the NC (with aspect ratio as high
as 1.86 for 3.6 nm NCs). Besides, the arrangement of the
atoms on the NC surface and their binding to matrix molecules
are supposed to affect the vso value as well. As both of the
latter effects were found to influence the frequency of the core
LO phonon [29, 35], they are expected to have even greater
influence on the surface phonons. The authors of [16] observed
hardening of the surface mode with the decrease of the NC size
and assessed this to a stronger compression of smaller NCs

by the glass matrix. Quite complex effects of the ZnS shell
deposition on SO and LO phonons frequency of the core were
observed in [14].

Note that, although the experimental evidence of shell-
induced strain inside the core were demonstrated for a number
of core—shell structures [10-12, 29], a detailed study of strain
evolution in the shell and at the core—shell interface is still
lacking.

Figure 4 shows resonant Raman scattering spectra of
CdSe NCs passivated with ZnS. A Raman peak, observed
for CdSe/ZnS NCs at almost the same frequency as that of
the CdS-like phonon in CdSe/CdS NCs, was quite surprising.
As far as we know, only one observation of the Raman peak
related to the ZnS shell of CdSe/ZnS NCs was reported [14].
It should be noted that the position of the ZnS-shell-related
phonon peak in [14] almost coincided with that of the LO
phonon in bulk ZnS and did not change with the increase of the
shell thickness from 0.5 to 3.4 monolayers (ML). Based only
on simple considerations of phonon confinement and lattice
mismatch-induced strain in a thin ZnS layer [27], one would
expect this peak to be much more shifted downwards from
the bulk position, with its frequency increasing with the shell
thickness.

A calculation of the LO phonon frequency for thin ZnS
layer grown coherently on a CdSe substrate with a mismatch
strain of 11% [36] gives a value of about 300 cm~'—close
to that we observe for CdSe/ZnS NCs. However, in the
case of growth on spherical NCs, the ZnS lattice has more
freedom to relax the strain than in the two-dimensional case
and, therefore, we would not relate the observed peak to a fully
strained ZnS shell. Another important argument against the
ZnS phonon-related origin of the observed peak is the large
bandgap energy expected for a thin ZnS shell (3.7 eV for
bulk), which precludes the resonant Raman scattering from the
shell. Resonant excitation is, however, a necessary condition to
register the Raman signal from the extremely small scattering
volumes like NCs dispersed in a matrix.

The presence of a CdS-like peak and the absence of a
ZnS phonon peak in the spectra of CdSe/ZnS NCs under
investigation, as opposite to [14], seem quite unexpected. It
is reasonable to assume that, due to the difference in growth
conditions, the core-shell structure in our case is different
from that reported in [14]. In particular, a very small ZnS
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Figure4. (a) RRS spectra of CdSe/ZnS NCs for excited Ae . = 514.5 and 457.9 nm; (b) RRS spectra of bare CdSe, CdSe/CdS and CdSe/ZnS

NCs for Aexe = 457.9 nm.

shell thickness can preclude necessary resonance conditions
even for Aexe = 441.7 nm, though ZnS shell in [14] was
detected with Aee = 476.5 nm. The formation of a mixed
CdznS(Se) alloy layer can lead to the appearance of a Raman
peak at ~290 cm~! and also deteriorate the PL of this sample.
Unfortunately, no Raman spectrum of satisfactory quality
was obtained from the CdSe/ZnS sample with ‘Zn—then S’
passivation procedure because of the intense PL of the sample.

One could conclude from the Raman spectra of CdSe/ZnS
NCs where the peak in the range of CdS LO phonon is detected
while the band for the expected Zn-S vibrations is missing,
that a ZnS shell is not formed at all and CdS is formed instead.
However, we observed a similar picture for some commercially
available CdSe/ZnS NCs, for which the formation of the
shell was confirmed by independent techniques. Therefore,
we conclude that the ZnS phonon does not contribute to the
Raman spectrum because the electronic transition energies in
the ZnS shell are too high and cannot be reached for resonance
with available excitation wavelengths. The lowest electronic
transition in a CdS shell for CdSe/CdS or a mixed interface
layer for CdSe/ZnS NCs can obviously be reached with the
wavelengths used here for excitation of the Raman spectra,
even when the shell is as thin as a few MLs.

Further we discuss some observations in the Raman
spectra of the passivated samples related to the resonant nature
of the scattering. First, a strong dependence of the relative
intensity of CdS- to CdSe-like peak on Aec Was observed.
The decrease of A from 528.7 nm down to 441.7 nm was
accompanied with a continuous growth of the relative intensity
of CdS-like peak. The spectra excited with 457.9 and 514.5 nm
are presented in figure 3 to illustrate such dependence. This
observation can be explained as follows. Excitation with the
514.5 nm line falls into the first absorption maximum of the
NCs and, therefore, is most efficient in enhancement of the
scattering by phonons localized inside the NCs. When Ae is
decreased down to 457.9 nm, the excitation energy shifts away
from the absorption maximum and, presumably, approaches
the resonance with the electronic transition(s) related to the
CdS shell. The existence of such an electronic transition
was directly identified in [15]. An alternative explanation
of the higher CdS peak intensity under excitation with a
shorter wavelength can be the thicker shell in smaller NCs,
which predominantly contribute to the RRS spectrum at higher

excitation energy. The latter assumption can be partially
confirmed by the slight high-frequency shift of the CdS peak
accompanying its intensity increase (the thicker the passivation
shell the weaker is the shell phonon confinement and the more
efficiently can the shell withstand the tensile stress induced by
the NC core). A similar behaviour was observed for CdTe/CdS
NCs [16]. The frequency of the SO phonon, vsg, which is
higher at Xexe = 457.9 nm for bare CdSe NCs, increases even
more, relative to Age = 514.5 nm, in the passivated samples.
This observation can also be the evidence of the larger shell-
induced compressive strain in smaller NC cores which are
probed with this shorter wavelength. However, the effect of
the shell composition on vso cannot be excluded as well [37].
The dependence of a shell-related LO peak intensity on ey
was also reported in [16] for CdTe/CdS NCs.

The stoichiometry of the shells is still questionable even
for CdS passivation, because simultaneously with the peak at
300 cm~! one more feature protrudes near 480490 cm~? in
all the passivated samples (figures 2-4). It is known that, in
the case of CdSySe;_x alloys, the latter frequency is the sum
of CdS- and CdSe-like phonons (LO¢gs + LOcqse) [31, 38, 44].
The observation of this spectral feature may be regarded as the
evidence of a CdSySe;_x (or even Cd;_yZnyS,Se;_y in the
case of ZnS shell) alloy formation at the core—shell interface.
The intensity of the combined modes for multimode systems
was shown to be comparable or even higher than that of
overtones [44]. Alloying can also explain a slight decrease
of the CdSe LO phonon frequency after the passivation (see
table 1) due to partial consumption of the core needed for
the formation of the alloy. Note that, despite the moderate
temperatures used in the current synthetic route (18-20°C), the
probability of alloying (interdiffusion) can be enhanced due to
the lattice mismatch-induced non-homogeneous strain [39].

Formation of a ternary alloy at the core—shell interface was
assumed in [11] for CdSe/ZnSe, based on an additional feature
in Raman spectrum in the frequency region of the Zn(Cd)-Se
phonon. The authors of [16] observed an additional Raman
peak attributed to a CdSyTe;_y interlayer with x ~ 0.35 and
reduction of the NC core diameter caused by the formation of
the interlayer.

One more effect which can result in the downward shift
of the CdSe LO phonon peak due to the NC passivation is
directly related to the resonant and size-selective nature of the
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Raman scattering and does not necessarily involve alloying.
Formation of any shell shifts the absorption spectrum of the
NCs towards the ‘red’ side by 3-17 nm (table 1). This means
that resonant conditions for the same Ay in the passivated NCs
will be fulfilled for NCs with smaller core size, as compared to
the non-passivated ones. The smaller core size should induce
stronger confinement on the phonons and, therefore, shift the
CdsSe peak to lower frequencies, as actually observed. Even
if the compressive strain accompanies the shell growth (the
higher frequencies of the surface mode in capped NCs can
be the evidence of this), the downward shift is dominating
for all the samples. However, if sampling smaller cores in
the passivated NCs is assumed, one would expect broadening
of the LO peak which is also the consequence of the phonon
confinement. The absence of the expected broadening may be
due to the narrowing of the ‘resonant’ region of the NC size for
smaller NCs [40]. However, the latter fact needs a quantitative
study.

The observed frequency of the CdS-like phonon is
higher for CdSe/znS than for the CdSe/CdS sample with
[CdSe]:[CdS] = 1:3 at approximately the same frequency of
the CdSe (core) phonon. This is especially pronounced for
Aexe = 457.9 nm (figure 4). The observation can be explained
by different shell thickness or/and composition. In particular,
incorporation of Zn into the alloyed layer—i.e. formation of
a Cd;_yZnyS,Se;_4 alloy can increase the frequency of the
Cd;_yZnyS-like phonon [41].

An assignment of the peak at 480-490 cm™! to a
multiphonon Raman process without the assumption of
alloying was also assumed, similar to the existence of a
common resonance region for optical phonons in core and shell
assumed in [16, 42].

Along with the downwards shift, following the shell depo-
sition, the CdSe(core)-related peak undergoes a remarkable de-
crease in the width, which can result from a improved surface
quality of CdSe NCs, in accordance with the PL results (ta-
ble 1). The larger FWHM values for Raman peaks excited with
457.9 nm are obviously the result of the size-selective RRS
process and are related to sampling of the smaller NCs which
reveal larger confinement-induced broadening of the phonon
peak.

4. Conclusions

CdSe nanocrystals possessing a near-bandgap photolumines-
cence were synthesized at relatively mild conditions from cad-
mium sulfate and sodium selenosulfate in aqueous solutions
using gelatin as a stabilizer. Noticeable redshifts in absorp-
tion and PL spectra of the NCs after passivation with CdS and
ZnS are accompanied with an improvement of their emission
properties. Raman scattering spectra of the passivated NCs
revealed new peaks attributed to the formation of passivating
shells around CdSe cores. Significant changes in the spec-
tra at different excitation wavelengths and shell formation pa-
rameters are related to the resonant and size-selective nature
of Raman processes. The shifts in absorption and PL spectra,
caused by passivation, are found to be in good agreement with
relevant modification of the phonon spectra of NCs. The fre-
quency of the CdS-like Raman peak, experimentally observed
for the CdS-passivated NCs, is somewhat lower than the bulk

CdsS LO phonon frequency and correlates with that observed
in [33] for thin CdS layers. For ZnS-passivated NCs a peak is
observed at 280-290 cm~*; however, no feature in the range of
ZnS-related LO phonon is revealed. The reason for this can be
a large bandgap of the ZnS shell, disabling the resonant condi-
tions necessary for Raman signal to be achieved. Meanwhile,
the appearance of the band in the CdS-like LO phonon range
in the spectra of CdSe/ZnS NCs is explained by alloying at the
core=shell interface or even formation of a completely mixed
CdznSSe shell.
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