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Abstract
CdSe/HgSe and CdSe/Ag2Se core–shell nanoparticles are obtained by colloidal synthesis from
aqueous solutions in the presence of gelatin. Optical absorption, luminescence, and Raman
spectra of the nanoparticles obtained are measured. The variation of the optical spectra of
CdSe/HgSe and CdSe/Ag2Se core–shell nanoparticles with the shell thickness is discussed.
Sharp non-monotonous variation of the photoluminescence spectra at low shell coverage is
observed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent decades core–shell structures based on II–VI
semiconductor nanocrystals have become an extensively
studied class of nanosystems due to their remarkable
luminescence properties leading to numerous applications in
nonlinear optics, optoelectronics, and biology [1–5]. A wider-
bandgap shell provides the passivation of active surface states
of the nanoparticle core and efficient elimination of non-
radiative recombination channels. The radiative recombination
of the photogenerated excitons in such structures is thus
remarkably enhanced (e.g. [6–9]). High luminescence
efficiency, broad tunability over the whole visible spectral
range and a narrow size distribution within the nanoparticle
ensemble are reported for nanostructures, based on a CdSe
nanocrystal core and CdS or ZnS shells [6, 7, 10–12]. Many
studies, not only of luminescent and absorption properties of
CdSe/CdS and CdSe/ZnS core–shell nanostructures, obtained
by various techniques, but also of their internal structure
by high-resolution transmission electron microscopy, x-ray

techniques, resonant Raman scattering and other techniques
have been carried out [7–9, 13–24].

For semiconductor nanostructures where the core is
surrounded by a shell with narrower bandgap, e.g. HgSe or
Ag2Se, a considerable increase of luminescence efficiency can
hardly be expected. On the contrary, one should rather predict
its quenching due to the possibility of the photogenerated
charge-carrier recombination within a narrower-gap shell.
However, studies of such structures seem interesting, not only
because they could further expand optical and photochemical
applications of II–VI core–shell nanostructures, but also in
view of obtaining specific data regarding the formation of
core–shell interfaces which can be obtained from the analysis
of variation of their optical properties with the effective shell
thickness. A comparison of the behaviour of CdSe-based
nanostructures obtained by similar techniques with different
shell materials can provide additional data on the specific
features of shell formation. To our knowledge only one study
concerning the optical properties of CdSe/HgSe core–shell
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structures has been reported [25] and no studies of CdSe/Ag2Se
nanostructures have been published so far.

Here we report on obtaining CdSe/HgSe and CdSe/Ag2Se
core–shell nanoparticles by colloidal synthesis and their
characterization by resonant Raman scattering, optical
absorption and photoluminescence spectroscopy.

2. Experimental details

All reagents (CdSO4, Se, Na2SO3, AgNO3, Hg(NO3)2

and gelatin) were obtained from Aldrich and used without
additional purification. Sodium selenosulfate (Na2SeSO3)
solutions were prepared by dissolving selenium powder in
a hot (90–95 ◦C) 0.6 M Na2SO3 solution at a molar ratio
of [Se]:[Na2SO3] = 1:4. Pure selenium was dissolved
quantitatively in a solution of pure sodium sulfite. Some
further analytical experiments were then performed with
the selenosulfate. First, selenium was precipitated from
Na2SeSO3, dried and its mass measured. The quantity of
selenium dissolved was equal to that precipitated. Therefore,
no other form of Se than Na2SeSO3 (for example, Na2SeO2,
Na2SeO3, etc) was present in the solution. This experiment was
repeated with a filter paper soaked with BiIII salt held above
the solution. If Se2− was formed, then H2Se would have been
released at an acid (HCl, H2SO4) addition and a dark stain of
Bi2Se3 would have been visible on the filter paper. No dark
spots were observed indicating the absence of Se2−. Hence, it
was reasonable to conclude that no other forms of selenium,
either reduced to Se2−, or oxidized to Se4+ or Se6+, except
Na2SeSO3, were present in the solutions.

Two sets of samples with CdSe/HgSe and CdSe/Ag2Se
core–shell nanoparticles were prepared differing in the size
of the cadmium selenide core. In the typical preparation
25 ml 5 × 10−2 M CdSO4 solution containing 5 mass% gelatin
was mixed with 25 ml of a solution containing 5 × 10−2 M
Na2SeSO3, 0.15 M Na2SO3 and 5 mass% gelatin at room
temperature under vigorous stirring. The mixture was cooled
to 8 ◦C to form a gel and kept at this temperature in the dark
for 20 h. Then the gel with CdSe nanoparticles was chopped
into small pieces and washed repeatedly with ample amounts
of distilled water for 24 h. The resulting purified gel was then
heated to 20 ◦C to become a sol and divided into two volumes,
one of which was heated at 96–98 ◦C for 5 h (‘large-core’
nanoparticles), while the other was kept untreated (‘small-
core’ nanoparticles). Each volume of the CdSe sol was then
mixed with 10 mass% gelatin solution to give 1 × 10−3 M
CdSe colloid (‘zero-shell’ nanoparticles). The details of the
procedure and the mechanism of the reaction leading to the
formation of CdSe core nanoparticles, are given in our earlier
papers [26, 27].

To form a shell on the CdSe nanoparticle core an amount
of silver (I) or mercury (II) nitrate was added to the colloidal
CdSe solution at 75–80 ◦C under vigorous stirring. The Ag(I)
and Hg(II) ions substituted Cd(II) on the surface of CdSe
nanoparticles due to lower solubility of Ag2Se and HgSe as
compared with CdSe. The amount of HgSe was varied from
5 mol% (5 × 10−5 M/1 × 10−3 M CdSe) to 50 mol%, while

the amount of Ag2Se was changed from 2.5 mol% to 30 mol%.
These solutions were used for the deposition of the films.

The polymer films were prepared in the following manner.
A glass plate (8 cm2) was cleaned by its consecutive treatment
with concentrated hydrogen peroxide and sulfuric acid, then
washed with distilled water. 2–2.5 ml of a colloidal solution
were deposited at room temperature onto the glass plate and
allowed to dry slowly in the dark with mild air circulation
for 3–4 days. In this case gelatin plays two roles—as a host
matrix incorporating CdSe nanoparticles, and as a stabilizer of
the growing nanoparticles in the colloidal solution. The films
obtained were 0.20–0.25 mm thick, with good optical quality
and remarkable mechanical strength.

Resonant micro-Raman scattering and photoluminescence
(PL) measurements were performed using a Dilor XY 800
triple monochromator equipped with a CCD camera. A He–
Cd laser (λexc = 441.6 nm) was used for luminescence
excitation and an Ar+ (λexc = 488.0 and 514.5 nm) provided
Raman excitation. The instrumental resolution of the Raman
measurements was 2.5–3 cm−1. Optical absorption spectra
were measured using a computer-controlled LOMO MDR-
23 monochromator with a step-motor driver, an OP-33-0.3
filament lamp, and a FEU-100 phototube. All measurements
were carried out at room temperature.

3. Results and discussion

Optical absorption spectra of initial CdSe nanoparticles
embedded in gelatin films are shown by solid lines in figures 1
and 2. The observed confinement-related maxima in the
absorption spectra are seen to be quite distinct. Since the
earliest studies of the confinement-related effect in the optical
spectra of semiconductor nanocrystals there has been an
enormous work done on a comparative characterization of
semiconductor nanoparticles by direct structural (transmission
electron microscopy (TEM), x-ray diffraction) and indirect
(optical) methods for the nanoparticles of CdSe and other II–VI
semiconductors in various host media (e.g. [1, 2, 28–33] and
references therein). As a result, a number of calculated and
phenomenological dependences have been obtained, making
it possible to derive the average nanoparticle size (and size
dispersion in some cases) from the optical spectra (absorption
and PL), especially from the energy position E1 of the
first absorption maximum [28, 30, 34–40]. The simplest
relationship is given by the effective-mass approximation [34]

E1 = Eb + 2h̄2

d2

[
1

m∗
e

+ 1

m∗
h

]
, (1)

where Eb is the energy gap of the bulk crystal, d is the
nanocrystal diameter, m∗

e and m∗
h are the effective masses of

electrons and holes, respectively. This model shows a good
agreement with the TEM and x-ray diffraction (XRD) data
for d > 4–5 nm, but results in a noticeable deviation for
smaller nanocrystals. Therefore, we based our estimations on
the phenomenological dependence derived in [38], as it agrees
well with the experimental data of many authors obtained from
independent TEM and XRD measurements [13, 28, 41–43],
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Figure 1. Optical absorption spectra of gelatin-embedded CdSe/HgSe core–shell nanoparticles of the ‘small-core’ (a) and ‘large-core’
(b) series. The concentrations of the core and shell compounds in the colloidal synthesis solution, related to the core/shell material ratio in the
nanostructures, are indicated in the figure.

Figure 2. Optical absorption spectra of gelatin-embedded CdSe/Ag2Se core–shell nanoparticles of the ‘small-core’ (a) and ‘large-core’
(b) series. The concentrations of the core and shell compounds in the colloidal synthesis solution, related to the core/shell material ratio in the
nanostructures, are indicated in the figure.

as well as with thorough theoretical studies [36]. Our
attempts to perform TEM studies of the gelatin-embedded
CdSe nanoparticles did not result in good-quality patterns, due
to strong charging of the gelatin-stabilized CdSe nanoparticles
in the focus of the electron beam and their detachment
from the copper grid hindering the obtaining of reliable
quantitative information on the size and size distribution of
the nanoparticles under consideration. Hence, we relied upon
the estimation of the nanoparticle ensemble parameters from
the optical absorption spectra which has proven to be fast
and reliable. Moreover, while analysing the optical spectra
of semiconductor nanocrystals, one can derive collective
properties of the whole nanocrystals ensemble, e.g. the average
size and the size dispersion, while TEM measurements usually
only account for a selected (and very small) area of the sample
and may be considered valid only when numerous individual
measurements are being made.

Optical absorption spectra of CdSe/HgSe and CdSe/Ag2Se
core–shell nanoparticles embedded in gelatin films are shown
in figures 1 and 2. The concentration of the shell compound
(HgSe or Ag2Se) in the colloidal synthesis solution, indicated
in the figures, can be considered proportional to the number
of shell atoms replacing the core surface atoms and, therefore,
can serve as a measure of the effective shell thickness. Tak-
ing into account the lattice parameters of CdSe a = 0.61 nm
(for zinc-blende modification) or a = 0.43 nm, c = 0.70 nm
(for wurtzite modification) [44] and the small size of the CdSe

nanocrystals (about 30 unit cells for the 2.3 nm small core and
near 120 unit cells for the 3.7 nm large-core nanoparticles),
it can be roughly estimated that in the first case nearly 75%,
and in the second case almost 50%, of their atoms actually
form the nanocrystal surface. Hence, in order to form a one-
monolayer (ML) shell one has to substitute at least half of the
core atoms. Since in our experiment the shell material concen-
trations were considerably smaller, we can assume the shell to
be non-uniform (island-like or patch-like).

It can also be seen from figures 1(b) and 2(b) that for
3.7 nm CdSe/HgSe and CdSe/Ag2Se core–shell nanoparticles
an increase of the shell effective thickness leads to an increase
in the absorption over the whole spectral range and also
that the absorption edge together with the confinement-related
features shift toward lower energies. Such behaviour has
also been observed for different core–shell materials and is
usually explained by a partial tunnelling of the core electron
wavefunction into the shell [23, 24, 45]. Meanwhile, for the
2.3 nm nanoparticles the shell-induced absorption increase is
observed only for energies below the initial onset of CdSe
nanoparticle absorption. At higher energies (above E1) one
can instead observe a decrease of the absorption coefficient
in the nanoparticles with the lowest effective shell thickness,
followed by an increase with further shell formation. Even
though this non-monotonous absorption behaviour is seen from
figures 1(b) and 2(b) for small-core nanoparticles with both
shell types, it can, however, hardly be treated as reliable, since
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Figure 3. PL spectra of gelatin-embedded CdSe/HgSe core–shell nanoparticles with average core diameter of 2.3 (a) and 3.7 (b) nm as well as
the PL spectrum of pure gelatin (curve 4 in (a)). All spectra were measured at room temperature with excitation by the 441.6 nm He–Cd laser
line.

we measured the absorption of samples for which no data were
available regarding the nanoparticle concentration in the film.

The photoluminescence of CdSe nanoparticles and CdSe-
based core–shell structures, which is their most attractive
feature from the application point of view, is typically
characterized by two bands—a relatively sharp near-bandgap
emission peak and a much broader band, significantly shifted
towards lower energies, which is attributed to surface-state-
mediated recombination [2, 24, 46]. These bands were
observed in the PL spectra of the zero-shell CdSe nanoparticles
under investigation, shown by curves 1 in figure 3. The
near-bandgap band of larger (d = 3.7 nm) nanoparticles is
considerably narrower. This is possibly related to a narrowing
of the size dispersion during the thermal treatment due to
Ostwald ripening. The small bandwidth (0.13 eV) of the
near-bandgap band for this sample, similarly to the clear first
absorption feature in figures 1 and 2, could be the evidence
for a relatively narrow size dispersion of CdSe nanoparticles,
at least for the sample with d = 3.7 nm which, following
the discussion in [21, 47], can be estimated as 15 ± 5%.
The width of the lower-energy (defect-related) PL band is
not representative of the nanoparticle size dispersion. The
width of this defect-related band predominantly reflects the
distribution of the energy positions of the defect states involved
and a strong coupling of the trapped carriers to phonons; this
PL band width is similarly large for nanoparticle ensembles
with both large and very small size distribution, and very
close to the values for bulk crystal [24]. As to the sample
with smaller nanoparticles (2.3 nm), the size dispersion is
of approximately the same value, as can be supposed from
the absorption bandshape being similar to that of the larger
nanoparticles. As the PL bandshape is much more sensitive
to the surface (defect) structure of the nanoparticles, the large
width of the higher-energy PL band in smaller nanoparticles
(2.3 nm) is obviously due to the difference in the recombination
channels, but not to the size dispersion. For example, new
surface-related shallow traps can contribute to this PL band,
leading to an apparent broadening of the band.

Contrary to the extensively studied CdSe-based nanopar-
ticles with a wider-bandgap shell (e.g. CdS or ZnS), where a
considerable enhancement of the near-bandgap luminescence

was observed accompanied with the surface-state-mediated PL
band quenching [24], the effect of a narrower-bandgap shell
on the PL spectra of the CdSe/HgSe and CdSe/Ag2Se core–
shell nanoparticles under investigation is completely different
and essentially depends both on the shell material and the core
nanoparticle size. For smaller nanocrystals (figure 3(a)) the
increase of HgSe shell effective thickness results in a gradual
decrease of both luminescence band intensities. However, for
larger nanoparticles (figure 3(b)), the behaviour of the PL band
intensities versus the HgSe shell thickness is non-monotonous.
The samples with nanoparticles formed in the solution with
[HgSe] = 5 × 10−5 M (roughly corresponding to an effective
shell thickness of 0.1 ML), exhibit a sharp decrease of both PL
band intensities (curve 2 in figure 3(a)). The increase of HgSe
concentration to 1 × 104 M, however, partly restores the initial
PL band intensities (curve 3). With further shell building, the
near-bandgap luminescence band (2.0 eV) intensity gradually
decreases while the surface-mediated band (1.7 eV) intensity
still continues to increase, almost reaching its initial value at
[HgSe] = 3 × 10−4 M (roughly 0.6 ML) before gradually de-
creasing (figure 3(b)). This non-monotonous behaviour of the
PL band intensities is illustrated by figure 4.

The sharp decrease of both PL band intensities at very
low HgSe shell effective thickness, observed for the 3.7 nm
nanoparticles, can be explained by the fact that at such
low Hg concentrations it is more appropriate to consider
not the formation of HgSe shell or isolated surface islands,
but doping of the CdSe nanocrystal with single Hg atoms.
These atoms, located on the nanoparticle surface, act as
impurities (mostly isolated, or less probably, due to their
small amount in a nanoparticle, small clusters) and result in
a considerable number of non-radiative recombination centres
which rapidly quench both radiative recombination channels.
A further increase in the amount of Hg atoms results in the
formation of the HgSe shell (first island-like or patch-like,
then with higher coverage). This rearrangement of Hg atoms
results in a decrease in the concentration of the non-radiative
recombination centres leading to the PL recovery. The general
trend of subsequent luminescence quenching with the increase
of the shell effective thickness can then easily be explained by
the formation of a type-I heterostructure where the conditions
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Figure 4. Dependence of the near-edge (2.00 eV, dark squares) and
surface-mediated (1.65 eV, open squares) PL band intensities of the
gelatin-embedded CdSe/Ag2Se core–shell nanoparticles with average
core size of 3.7 nm on the shell-to-core ratio of the corresponding
compound concentrations in the synthesis solution. The PL
intensities are normalized by the corresponding band intensity for
the zero-shell CdSe nanoparticles. The lines are drawn as guides to
the eye.

for exciton recombination in the narrower-gap shell are much
more favourable.

The gradual decrease of PL in smaller-core (2.3 nm)
CdSe/HgSe core–shell structures, without a sharp drop of
intensity at very low Hg amounts (figure 3(a)), is evidently
related to the fact that, due to the much smaller nanoparticle
surface, the smallest concentration of HgSe (5 × 105 M)
corresponds to shell coverages of about three times more in
this case than for the 3.7 nm nanoparticles, and, accordingly,
one should consider the formation of at least a patch-like shell
rather than isolated impurity atoms.

It should also be noted that the authors of the only
(to our knowledge) paper, devoted to the luminescence of
CdSe/HgSe core–shell nanostructures, report a rather different
PL behaviour with the shell effective thickness [25]. Similarly
to our results, they observed a rapid quenching of the near-
bandgap PL band on building up the HgSe shell. However, the
intensity of the surface-mediated luminescence band at 1.7–
1.8 eV in [25] increases with the shell thickness, contrary to

our case. Since the PL band in question is related to CdSe
surface states, such a difference can be explained by a strong
dependence of the behaviour of CdSe nanoparticle surface
states and CdSe/HgSe interface formation on the nanoparticle
surface doping procedure, which is different in [25] and in our
study.

It should further be noted that a luminescence feature at
2.3 eV observed in the spectra of the 3.7 nm nanoparticles
(figure 3(b)), is related to the gelatin matrix luminescence
since it is observed in the pure (nanoparticle-free) gelatin
films. In the samples with 2.3 nm nanoparticles (figure 3(a))
this band is masked by the more intense near-bandgap PL
band of CdSe nanoparticles. Curve 4 in figure 3(a) shows,
for comparison, the PL spectrum of pure gelatin without
nanocrystals, normalized to the same intensity scale.

Quite different, though also non-monotonous, is the lumi-
nescence behaviour of CdSe/Ag2Se core–shell nanoparticles.
Its dependence on the shell thickness also appears to be size-
dependent, as can be seen from figure 5.

For the smaller-core (2.3 nm) CdSe/Ag2Se nanoparticles
with a small amount of Ag atoms added ([Ag2Se] = 5 ×
105 M) a sharp quenching of the near-bandgap (2.2 eV) PL
band is observed along with a drastic increase of the surface-
mediated PL band at 1.8 eV (curve 3 in figure 5(a)). Such
behaviour can be explained by the introduction of an additional
efficient channel of radiative recombination related to Ag
atoms acting most likely as acceptors in CdSe. However,
in this case one can hardly explain the curve 2 spectrum
in figure 5(a), corresponding to the lowest concentration of
silver atoms ([Ag2Se] = 2.5 × 105 M). Its shape is not at
all intermediate between the zero-shell CdSe (curve 1) and
CdSe/Ag2Se with [Ag2Se] = 5 × 105 M (curve 3), as one
would expect from the above speculations, but just exhibits
a decrease of both band intensities in comparison with the
initial CdSe nanoparticles. In order to elucidate this rather
unusual non-monotonous behaviour of CdSe/Ag2Se core–shell
nanoparticles at low shell coverages a more detailed study with
a broader range of core sizes and shell effective thicknesses
is required. A further increase of the Ag2Se shell effective
thickness is accompanied by a monotonous decrease of both
PL bands.

The luminescence of CdSe/Ag2Se nanoparticles with a
3.7 nm core is characterized by monotonous quenching of both

Figure 5. Photoluminescence spectra of gelatin-embedded CdSe/Ag2Se core–shell nanoparticles with an average core diameter of 2.3 (a) and
3.7 (b) nm, measured at room temperature with excitation by the 441.6 nm He–Cd laser line.
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Figure 6. Micro-Raman spectra of gelatin-embedded CdSe/HgSe core–shell nanoparticles with average core diameter of 2.3 (a) and
3.7 (b) nm, measured at room temperature with excitation by the 514.5 nm Ar+ laser line.

Figure 7. Micro-Raman spectra of gelatin-embedded CdSe/Ag2Se core–shell nanoparticles with average core diameter of 2.3 (a) and 3.7
(b) nm, measured at room temperature with excitation by the 514.5 nm Ar+ laser line.

bands on building up the Ag2Se shell (figure 5(b)). This can be
related to much more energetically favourable conditions for
exciton recombination in the narrower-bandgap shell.

Note that non-monotonous behaviour of the near-bandgap
luminescence with shell thickness was reported earlier for
CdSe-based core–shell nanostructures with a wider-bandgap
shell, where after reaching a maximum value it decreased with
further shell growth. This was explained by shell structure
faults caused by lattice misfit-induced strain [6, 7, 9, 48]. In our
case, however, the non-monotonous character of PL intensity
dependence versus shell thickness is completely different due
to the narrow-bandgap shell.

Resonant micro-Raman spectra of CdSe/HgSe and
CdSe/Ag2Se core–shell nanoparticles embedded in gelatin

films are shown in figures 6 and 7, respectively. All the spectra
contain an LO phonon band at 203–205 cm−1 with full width
at half maximum (FWHM) of 15–20 cm−1 and a two-phonon
2LO band at 408–412 cm−1 with FWHM of 60–120 cm−1. It
can clearly be seen that the observed LO phonon frequency is
lower for smaller nanoparticles (figures 6(a) and 7(a)) than for
the larger ones (figures 6(b) and 7(b)) and lower than the value
for bulk CdSe (208–210 cm−1) [49, 50]. In the measurements
performed for pure gelatin no Raman signal (at least at the
excitation with 488 or 514.5 nm laser light) was detected,
hence it is clear that the discussed Raman spectra result solely
from the nanocrystals.

As regards the possibility of the variation of the lattice
parameter in CdSe nanocrystals with respect to the bulk crystal

6
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Figure 8. Measured micro-Raman spectra (solid line) of gelatin-embedded CdSe/HgSe (a) and CdSe/Ag2Se (b) core–shell nanoparticles with
an average core radius of 3.7 nm, and their decomposition into the contributions of CdSe core-related LO (dashed line) and surface (dotted
line) phonons. The concentrations of the core and shell compounds in the colloidal synthesis solution, related to the core/shell material ratio in
the nanostructures, are indicated in the figure.

value, the Raman data (difference in the LO phonon peak
frequencies for the bulk and nanometric crystals) show that
this variation, if even present, is tiny and its possible effect on
the above tentative estimations of the number of unit cells in a
nanocrystal is much smaller than other errors arising from the
nanocrystal size distribution, non-uniform shell effect, etc.

One of the main factors, responsible for the observed
LO phonon frequency decrease with size reduction, is the
contribution of non-zero wavevector phonons due to Raman
selection rule relaxation caused by phonon confinement in a
small nanocrystal volume [51–57]. The phonon confinement
results not only in the observed LO phonon frequency
decrease, but also in a lineshape asymmetry with a more
pronounced lower-frequency wing.

Another important factor, responsible for the observed
Raman band asymmetry in nanocrystals, is scattering by
surface phonons, with an intensity increasing due to the high
surface-to-volume ratio of the nanoparticles [52–59]. The
surface phonon frequency is between the TO and LO phonon
frequencies. A typical deconvolution of the experimentally
measured Raman spectrum of CdSe/HgSe and CdSe/Ag2Se
core–shell nanoparticles is shown in figure 8. The observed
CdSe core-related surface phonon frequency (180–190 cm−1)
is in agreement with the value reported for CdSe nanocrystals
in various media [57, 60, 61] as well as for CdSe/CdS and
CdSe/ZnS nanostructures [9, 18, 19, 21, 22]. The detailed
comparison of surface phonon behaviour in CdSe-based core–
shell nanostructures with different shells will be discussed
elsewhere.

The broader 2LO phonon band with a frequency being
equal or even somewhat higher than the doubled LO phonon
frequency shows that the major contribution to the second-
order Raman scattering results from the zone-centre phonons.
This is rather typical for II–VI quantum dots [62]. It
should also be noted that the parameters of the nanoparticle
core-related CdSe LO phonon band (frequency, bandwidth,
intensity) are almost independent of the effective thickness
of the HgSe or Ag2Se shell (figures 7 and 8). The very
slight decrease of the core CdSe LO phonon frequency with
an increase of the effective shell thickness can be related to

the core size reduction due to the partial Cd → Hg cation
substitution in the course of the shell formation.

The number of studies devoted to phonon spectra of core–
shell CdSe-based nanostructures, is rather low [9, 18–22],
especially in comparison with the studies of their electronic
structure. In all cases the core-related CdSe phonon band
was observed, its position and shape being analysed with the
account of phonon confinement and surface phonon scattering.
Note that in CdSe/CdS and CdSe/ZnS nanoparticles, formation
of the core/shell structure was accompanied by a narrowing of
the CdSe core phonon peak, attributed to an increased lifetime
of the optical phonon, confined within the CdSe core, after
forming a solid interface with CdS or ZnS [21, 63]. Contrary
to the case of CdS or ZnS shells, formed by deposition onto
the CdSe nanoparticle surface, here we deal with shells formed
by substitution of surface cations. This has obviously less
effect on the surface-related broadening of the phonon peak.
The present results agree with the idea of the core phonon
peak narrowing observed in CdSe/ZnS and CdSe/CdS [21]
being related to changes in the vibrational properties of
the nanoparticles upon passivation. However, an alternative
(or additional) effect of narrowing of the electronic states,
mediating the resonant Raman scattering process [60], upon
passivation cannot be excluded. The formation of a CdS or ZnS
shell also leads to a narrowing of the excitonic PL bands [24].

For CdSe/CdS [18, 19, 21, 22] and CdSe/ZnS [9, 21]
core–shell structures the observation of shell-related phonons
at a frequency somewhat below the corresponding value for
the bulk LO phonon of the shell material has been reported.
However, in our case no shell-related phonon bands are
observed either for HgSe, or for Ag2Se shell coated CdSe
nanoparticles. This can be explained by several factors. First of
all, for both HgSe and Ag2Se the phonon frequencies are below
the core CdSe LO phonon value and the corresponding bands
can overlap with Raman contributions from the confinement-
related and core surface phonons. Secondly, since the
nanoparticles under investigation are dispersed in the gelatin
host matrix in such a way that they comprise below 1% of
the sample volume, resonant excitation conditions are required
for the Raman signal enhancement. However, the Raman
excitation wavelength in our experiment did not match the

7
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conditions required for the narrow-bandgap HgSe and Ag2Se
evidently encumbering the observation of the shell-related
phonon bands. Finally, since the shell was not uniform and
its effective thickness was often below 1 ML, we do not
consider its scattering volume sufficient to produce a detectable
Raman signal. For the sake of comparison one should mention
that in our earlier Raman study of CdSe/CdS and CdSe/ZnS
core–shell nanostructures [21], as well as in other studies
where shell-related phonons were observed [18, 19, 22], the
shell thicknesses were much higher—from 2 to 5.5 ML. Only
the authors of [9] claim the observation of ZnS shell-related
phonons in CdSe/ZnS nanostructures for a 0.5-ML thick shell.

4. Conclusions

CdSe/HgSe and CdSe/Ag2Se core–shell nanostructures were
synthesized from aqueous solutions and embedded in a
transparent gelatin matrix. CdSe core-related LO and 2LO
phonon bands have been clearly observed in the Raman spectra
of all samples, the LO phonon lineshape being affected by
phonon confinement and surface phonon scattering. No Raman
signal from the shell could be registered. This is related to
the small shell effective thickness, off-resonance scattering
conditions and possible superimposition of the expected shell
phonons with core surface phonons in the spectra.

Optical absorption spectra of CdSe/HgSe and CdSe/Ag2Se
core–shell nanoparticles show a slight absorption increase and
red shift of the confinement-related maxima with the shell
thickness, typical for such structures. Contrary to the wider-
bandgap shell CdSe-based nanoparticles, in CdSe/HgSe and
CdSe/Ag2Se the increase of effective shell thickness results
in quenching of both near-bandgap and surface state-mediated
photoluminescence bands. However, this behaviour is not
monotonous: mercury or silver atoms in small concentrations
act rather as impurities than as shell-forming atoms. The
impurity-related formation of non-radiative (at Hg-doping) or
radiative (at Ag-doping) recombination centres is considered
to be responsible for the non-monotonous behaviour of the PL
band intensities at small ((2.5–5) × 105 M) concentration of
the shell material in the synthesis solution. The shell forma-
tion with a further increase of the corresponding compound
concentration results in opening of new recombination chan-
nels within the shell, leading to a decrease of both PL bands
with HgSe or Ag2Se shell effective thickness.
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