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Colloidal II-VI semiconductor nanoparticles (NPs) and core—shell
NPs obtained by means of colloidal chemistry are studied by means
of optical absorption, photoluminescence, and Raman scattering
spectroscopy. The effects of the strong confinement of charge car-
riers and lattice vibrations in small (< 3 nm) NPs are considered.
The influence of the passivating shell onto the electronic bandgap,
photoluminescence spectrum, and phonon spectrum is established.
The drastic differences in resonant Raman spectra of ultra-small
(< 2 nm) nanoparticles are found, which are related to the strong
spatial localization of vibrations, as well as to the structural rear-
rangement due to the surface effect.

1. Introduction

For the past decade, II-VI semiconductor nanoparticles
(NPs) have become an object of particular research inter-
est due to their unique size-dependent optical properties
that have already found numerous applications [1-15]. A
number of techniques have been elaborated to obtain II-
VI nanoparticles of various sizes and topologies to tailor
the expected physical characteristics, especially lumines-
cence, whose spectral position can be effectively varied
across a broad range [1, 2, 6], the methods of colloidal
synthesis being the most appropriate for the fabrication
of nanoparticles with good optical quality and small size
dispersion. Nanoparticles of cadmium chalcogenides and
composite core/shell nanostructures based on them have
been extensively studied, e.g. as photocatalysts, as po-
tential active media for optical and optoelectronic de-
vices, solar cells, memory elements, as fluorescent labels
in biophysical experiments and other applications [6—
10, 16-18|. Hence, the interest in the growth and the
characterization of these NPs, as well as in their ex-
tended optical studies, is driven by both fundamental
and applied aspects.
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Here, we report on the optical study of II-VI NPs
obtained by means of colloidal chemistry under com-
paratively mild conditions from aqueous solutions sta-
bilized by organic polymers (polyvinyl alcohol, gelatin,
polyethyleneimine). The NPs have been characterized
by optical absorption, photoluminescence, and Raman
scattering spectroscopy. This report is a compact re-
view of our original results obtained during the last
several years. The following problems are discussed:
a) spectroscopic evidences of size effects in the electron
and phonon spectra of polymer-stabilized CdS and CdSe
NPs; b) the effects of NP passivation by a wider- or
narrower-bandgap semiconductor material; ¢) the opti-
cal peculiarities of ultra-small (of diameter d < 2 nm)
NPs, where a major part of NP are the surface atoms.

2. Experimental Details

The NPs studied in this work were synthesized in aque-
ous solutions, with the use of polyvinyl alcohol, gelatin,
or polyethyleneimine as a stabilizer. The synthesis of
CdS and CdSe NPs occurred during the reaction between
CdCl; (or CdSOy4) and NagS (or NasSeSOs). The details
of the synthesis have been published elsewhere [19, 20].
Methods of surface passivation are described, for exam-
ple, in [20,21]. For optical measurements, NP-containing
films were prepared by drying the solvent from a col-
loidal solution deposited onto the glass plates at room
temperature for several days. Absorption spectra of the
films were recorded using a Specord 220 or HP Agilent
8453 spectrophotometer. Photoluminescence (PL) and
Raman scattering spectra were recorded, by using Dilor
XY 800, DFS-24 (LOMO), or Jobin Yvon T 64000 spec-
trophotometers. The PL spectra were excited with a
441.7-nm line of a He-Cd laser. All Raman spectra were
unpolarized and recorded in the back-scattering geom-
etry, by using various wavelengths of Art and He-Cd
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Fig. 1. A representative optical absorption spectrum of gelatin-
embedded CdSe NPs under study. A fit to the first two absorption
maxima is shown by the dashed line. Inset: size dispersion derived
from the absorption spectrum based on the procedure developed
in Ref. [22]

lasers. The resolutions in the PL and Raman spectra
were better than 1 nm and 3 em ™!, respectively.

3. Size Effects on Optical Spectra of CdS and
CdSe NPs in Polymer Films

3.1. Optical absorption and photoluminescence

Figure 1 shows a typical optical absorption spectrum of
gelatin-embedded CdSe NPs of diameters as small as 2.7
nm. A large shift of the absorption edge of NPs from that
of a bulk CdSe crystal evidences the strong spatial con-
finement of charge carriers in NPs. By arrows, we show
the spectral positions of the laser wavelengths used for
the excitation of resonant Raman spectra. The lowest
absorption feature near 500 nm (schematically shown
by a dashed Gaussian profile) corresponds to the low-
est electronic transition 15155/, (HOMO-LUMO). The
energy position of this absorption feature allows the av-
erage size d and the size distribution Ad of NPs to be
estimated (inset to Fig. 1) by using the following re-
lation derived in [22]: n(r) ~ %. Here, the ab-
sorbance A is given by A(r) ~ [ 4/3mr3n(r)dr. Note
that we modified the model from [22] by substituting
the size dependence of the NP bandgap, F4(d), based
on the effective mass model, by a phenomenological one
[23] which shows a much better agreement with exper-
iment in the range of small d studied here. The latter
dependence [23] was built based on the thorough study
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Fig. 2. Representative absorption and PL spectra of CdSe NPs
stabilized with gelatin

of numerous NP samples by transmission electron mi-
croscopy (TEM) and showed a good agreement with the
data of other authors, while the commonly used effective
mass approximation (EMA) [24] results in a considerable
deviation from the experimental data for small nanopar-
ticles (d < 3 nm) [23]. A potential-morphing method for
nanoparticle size evaluation from the absorption spectra,
based on the EMA [25], is not quite convincing, since the
choice of the confinement potential for charge carriers in
CdS nanoparticles, depending on the host matrix band-
gap energy, does not seem to be justified. By comparing
the results of [24] and [25] with each other and with
the experimental data, one can see that the effect of the
confinement potential (i.e., of the host matrix, as follows
from [25]) is revealed only for NPs with d < 3 nm.

The PL spectra of CdSe NPs (Fig. 2) reveal at least
two components. A near-bandgap emission peak at
around 2.25 eV is often explained in the “dark exciton”
model with regard for the exciton state fine structure
due to the structural anisotropy and the electron-hole
exchange interaction [24]. An alternative explanation,
especially regarding the PL band width, is based on
the exciton—acoustic phonon scattering [25]. The Stokes
shift (the energy difference between the first absorp-
tion maximum and the near-bandgap emission peak) in
gelatin-embedded CdSe nanoparticles is rather large —
~ 200 meV. According to the model in [26], the magni-
tude of AS increases with a decrease of the mean NP
size and with an increase of the size dispersion. The
dependence AS(d) becomes extremely steep for d below
3 nm and could evidently reach values close to 200 meV
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Fig. 3. Resonant Raman spectra of CdSe NPs in the region of
the LO and 2LO phonon bands at different Aexc noted over the
absorption spectrum in Fig. 1. The vertical line shows the position
of the LO peak for bulk CdSe. Inset: LO band maximum derived
from the experimental spectra in comparison with the prediction
of the phonon confinement model (see [30])

for the present NPs with a mean size of 2.8-2.9 nm and
a size dispersion of 15-20% [19, 20].

A broader band, significantly shifted toward lower en-
ergies (~ 1.8 V), is attributed to the recombination me-
diated by surface states, in particular anion vacancies
[14, 15, 27-29|. Its weak spectral dependence on the
nanoparticle size, as well as a noticeable suppression af-
ter the surface passivation (discussed in Section 4), is
consistent with its assignment to sulfur vacancies located
on the NP surface [6, 28].

3.2. Raman scattering

We have investigated the size effects on Raman spectra
of CdS [21,29] and CdSe [30] NPs in different polymers.
Since NPs comprise only a small fraction (of the order
of 1%) of the sample scattering volume, resonant condi-
tions are required in order to obtain a sufficient Raman
signal. For a given excitation laser wavelength, the aver-
age Raman cross-section per unit solid angle {2, and unit
frequency ws of the NPs with a certain size distribution
is given by [31]

d’o

<£;‘QS> _ /m(R)F(R)dR, (1)

where F(R) is the distribution function of nanoparticles
over radii R. According to the function F(R), the res-
onant conditions select NPs with radii {R;} for the Ra-
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man spectra [30]. These particular NPs give the main
contribution to the spectrum selecting those phonon
modes with frequencies w,,(n, = 0, R;) (the modes are
labeled by a set of integer numbers p = [n,, l,,, m,] where
I, and m,, are related to their symmetry properties and
angular momentum). Hence, an asymmetric and broad-
ened Raman lineshape is obtained due to several optical
vibrations with different quantum numbers n, partici-
pating in the process. The relative contribution of the
confined phonon and excitonic states to the cross-section
depends on the exciting laser energy, the excitonic oscil-
lator strength, and the electron-phonon Frohlich inter-
action. In particular, when the incoming or scattered
light selects nanoparticles with small radii, the phonon
line shape will be more asymmetric. For a given phonon
mode in a NP with radius R, the frequency uncertainty
dwn, can be evaluated as [31]

Son, __ (Gu)® R 2)

wn,  (wLoR)? — (BLpn)® R

where [ is a parameter characterizing the bulk LO
phonon dispersion, wy,o is the LO phonon frequency, p,
is the n-th zero of the spherical Bessel function j;, and
0R > |R — R;|. Hence, the greater contribution to the
resonant Raman spectrum will be made by those NPs
of the ensemble, for which the excitonic transition en-
ergy coincides with the energy of the exciting (incom-
ing resonance) or scattered (outgoing resonance) light.
Therefore, in order to trace the size-dependent shift of
the LO phonon frequency in NPs, resonant Raman mea-
surements at a series of excitation wavelengths are re-
quired.

We have studied the dependence of Raman spectra
on excitation wavelengths for CdSe NPs embedded in
gelatin (Fig. 3) [30].

The first observation easy to make from Fig. 3 is that
the LO peak maximum for all the Aex. is by several
wavenumbers lower than that of bulk CdSe (indicated by
a vertical line). This shift is the indication of the phonon
confinement (PC) effect [32-35]. A simple way to con-
sider the PC effect on the phonon spectra of NPs was
proposed by Richter [34] within a simple spatial correla-
tion model, being in use till now with some modifications
[35]. Later, a rigorous continuum theory [36, 37] and
microscopic lattice dynamics calculations were applied
considering discrete confined optical vibrational modes
(vibrons), with the dominant contribution to the reso-
nant Raman spectrum of the modes with quantum num-
bers [, =0 and 2 and n =1 and 2 [31]. Any PC model
employs the phonon dispersion of the bulk material to

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 10



OPTICAL INVESTIGATIONS OF ULTRA-SMALL COLLOIDAL NANOPARTICLES

predict the v, in NPs. As the experimental dispersions,
usually obtained by neutron scattering, are lacking for
CdSe due to a large capture cross-section of neutrons in
this material, only theoretical curves are available. This
fact, along with a certain freedom in choosing the con-
finement function in the spatial correlation model [34],
may be among the main reasons for a deviation between
vL,o(d) dependences obtained by the PC model and be-
tween this model and experiment (Fig. 3).

In Fig. 3, we see that the position of the LO peak for
present CdSe NPs varies slightly with Aex.. Considering
the dispersion of the NP size of about 15% in our samples
and the dependence of the LO phonon frequency (v10)
on the NP diameter d due to the PC effect, we can con-
clude that, by changing Aex., we selectively excite NPs
of different average sizes [30].

Along with the downward shift of the phonon peak,
the PC model predicts the broadening of the peak with
probing smaller NPs. Instead, we observe a slight non-
monotonic variation of the fundamental peak width,
I'to, between the different Aex.. We suppose that the
variation of I',g is a result of the interplay between the
PC, structural disorder, and width of the “resonant” re-
gion of the NP diameters [36]. We consider the size
selectivity of the Raman scattering under the resonant
excitation as one of the reasons for the scatter of the ex-
perimental data on the v, dependence on NP size in the
literature, as discussed in our work [30] in detail. Based
on the above discussion, different conclusions about the
magnitude of PC and strain in NPs can be obtained
for the same NP sample, depending on Aex. employed.
In the opposite case where the same Aoy is applied to
NP ensembles with different mean d but overlapping size
distribution profiles, the preferential selection of the NPs
with the same d, favorable for this Aexc, can lead to the
observation of the same spectrum for both samples [30].

Let us now return to the present M.y dependence of
vo Fig. 3. The decrease of vpo for Aex. varied from
528.7 down to 457.9 nm is in accordance with the selec-
tion of smaller NPs with shorter Acx., because smaller
NPs possess a larger bandgap due to a stronger con-
finement of charge carriers and smaller v, due to a
stronger phonon confinement and the negative disper-
sion of LO phonons in CdSe [30]. The shortest wave-
length excitations of 457.9 and 441.7 nm do not follow
the downward shift of vo predicted by the PC model
and observed for longer A¢x.. Two possible explanations
of this observation can be assumed. The first one is a
size-dependent stress (larger for smaller NPs) observed
for NPs in glasses [38]. We studied the possible strain
effect of the gelatin matrix by measuring the spectra of
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Fig. 4. Fitting of the LO and 2LO Raman bands with two Loren-
zian profiles

the same NPs in the colloidal solution and in the rigid
polymer matrix and detected no significant (beyond the
experimental error) deviation neither of vy, nor of I' o,
indicating that no additional strain arises after embed-
ding NPs into the polymer film.

All the spectra from the present NPs reveal a low-
frequency shoulder (asymmetry) of the main LO peak,
which has also been observed for a wide range of semi-
conductor NPs and assigned to a confinement-induced
scattering by LO phonons with nonzero angular mo-
menta [34] and/or to a contribution from surface optical
(SO) phonon modes [33]. The importance of the sur-
face for the NPs under study is obvious, as the portion
of the surface atoms for NP of about 3 nm in diame-
ter is about 50%. The theory accounting for the Raman
scattering on confined optical vibrations (vibrons) allows
only vibrons with zero angular momentum (I, = 0) and
the quantum number n = 0 in this process [36,37]. Such
factors as a non-sphericity of NPs and the hole sub-band
mixing relax the n = 0 selection rule, and vibrons with
n = 2 may be allowed, including the so-called surface-
like modes [37]. It can be seen from Fig. 4 that the
RRS spectrum in the range of LO and 2LO bands can
be satisfactorily fitted with two Lorentzians, tentatively
ascribed to the LO and SO modes, respectively, in ac-
cordance with results in [33,38]. Only in particular cases
of low-temperature Raman spectra of quasimonodisperse
NP samples, additional weaker modes can be resolved,
attributed to TO vibrations and, probably, some higher-
order modes or surface-related vibrations (molecular Se,
for example, or its oxide) [39,40]. Within the dielectric
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continuum model, for nanospheres with diameter d em-
bedded in a medium with a real frequency-independent
dielectric constant e,,, surface-related modes should be
observed at the frequencies wgo,; between those for LO
and TO phonons of the nanosphere material wro and
wr,o, corresponding to [33]

w2 — w? [+1
w140z 00| 0L )
TO SO

where | = 1,2,3,... The intensity of these modes in
nanoparticles decays with increase in the distance to the
sphere surface as 1/r!~1 except for the so-called Frohlich
mode for [ = 1 which has constant amplitude over the
whole volume of the sphere [33]. Evidently, the con-
tribution of the surface phonons to the Raman spec-
trum becomes increasingly important with increase in
the surface-to-volume ratio. Being considerably broader
than the LO phonon bands, surface phonons in nanopar-
ticles are usually not observed as separate spectral max-
ima, but rather as a shoulder or the asymmetry at the
low-frequency side of the LO phonon peak.

4. Investigation of Core—Shell Nanoparticles

4.1. Optical absorption and photoluminescence

In semiconductor NPs and other nano-sized systems with
the number of the surface atoms comparable to that of
the inner ones, the surface plays a crucial role in de-
termining the physical properties of the structures and
their applications [1]. As the surface atoms act as defect
states, by trapping charge carriers and by deteriorat-
ing the emission properties of NPs, a number of passi-
vation procedures have been developed in order to di-
minish their negative effect [42]. Organic ligands can-
not passivate both cationic and anionic surface traps
simultaneously [42]. Particles passivated by a layer of
a wider-bandgap semiconductor material — “core—shell”
NPs — are more robust than organic-passivated nanopar-
ticles and therefore have a greater tolerance with respect
to the processing conditions necessary for the incorpora-
tion into functional structures [42]. In this case, the non-
radiative decay channels through surface states are not
accessible for electrons confined inside the core. There-
fore, such core-shell structures show a higher photolumi-
nescence (PL) quantum yield [5,20,41,42].

Significant progress has already been achieved in the
synthesis of CdSe NPs passivated with a single layer of
sulfide or selenide using, e.g., CdS, ZnS, ZnSe [42]. In
our case, a solution of CdSO4 or Zn(NOs)s was added
to the gelatin-stabilized CdSe colloids to form the shell
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[20]. The colloids were kept under intense stirring for 5-
10 min and then an amount of sodium sulfide equimolar
to metal ions was added dropwise. 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 wice versa (“S — then Cd(Zn)”) [43—46].

While the internal structure of homogeneous NPs can
be studied by high-resolution transmission electron mi-
croscopy (HRTEM) [1, 23], the internal structure of the
shell and the interface between a core and a shell are
hardly discernible. X-ray diffraction (XRD) analysis
shows a clear contribution from, e.g., the ZnS shell only
for samples with a high ZnS coverage, because the scat-
tering factors of ZnS are smaller than those of CdSe. At
the same time, the potential of resonant Raman scat-
tering (RRS) in exploring the structure of even sub-
monolayer-thick heteronanostructures has recently been
demonstrated [47-49] and employed in our investigations
of the core-shell NPs [43-46]. The main results obtained
are summarized below.

1. Passivation of the NP with a layer of larger-
bandgap semiconductor results in a shift of their absorp-
tion and PL to longer wavelengths. The shift has been
observed for different core-shell materials and explained
by the partial tunnelling of the electron wave function
into the shell. 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 band-gap material [20,42].

2. The effect of the shell formation on the PL spectra
is revealed also in an increase in the intensity of the near-
bandgap emission by a factor up to 5 [20]. This effect
is sensitive to the volume of the passivating material.
After reaching a certain critical shell thickness, the PL
intensity decreases due to the formation of dislocations
in the shell [42].

Another important factor is which sort of atoms is
added first: metal or sulfur. For the same volume of the
shell-forming reagents (1:1) in the case “Cd then S, a
much higher PL intensity is achieved than that in the
case where the scheme “S then Cd” is applied (Fig. 5),
while the shifts of the absorption and emission maxima
are very close in both cases. From these results and a
number of other studies [41,42], it follows that there ex-
ists an optimal, in view of the light emission properties,
thickness of the shell, which is different for every par-
ticular method of NP preparation and passivation. The
“right” reagent addition sequence seems to be even more
important in the case of the ZnS shell. Thus, the “Zn
then S” addition scheme gives a PL increase by a factor
of 5, while the opposite sequence quenches the PL by a
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factor of 3. The latter fact may also be a consequence of
the existence of the optimal thickness for every passiva-
tion scheme (sequence of reagents), as in the above case
of CdS shells.

3. In the Raman spectra of the NPs passivated with
CdS, an additional peak at 280 cm ™! is observed as com-
pared to bare CdSe NPs (Fig. 6). As the frequency of
Raman-active LO phonons in bulk CdS is 305 cm™! [50]
and decreases down to 280-300 cm ™! in thin layers and
superlattices [51], the observed peak can be attributed
to LO phonons in the CdS shell. Such downward shift
from the bulk LO phonon frequency can result from the
phonon confinement and a strain. However, since the
shift is fairly large, one can hardly attribute it solely
to confinement effects, for which a shift less than about
5 cm ™! could be expected based on the experimental re-
sults for thin epitaxial CdS layers [51]. The significant
broadening of the peak can be a result of the phonon
confinement and the inhomogeneity of the very thin pas-
sivating layer.

The Raman spectrum of the sample with a higher
thickness of the CdS shell ([CdSe]:[CdS] = 1:3) differs
from that with [CdSe]:[CdS] = 1:1 (at the same passiva-
tion scheme “S then Cd”) with a higher frequency and a
higher intensity of the CdS-like peak (Fig. 6). Both the
absorption and PL bands of this sample show larger “red”
shifts with respect to the unpassivated CdSe NPs spec-
trum, as compared with the case of [CdSe|:[CdS| = 1:1,
evidently indicating an increase of the thickness of the
passivating layer. But the growth of the CdS-like peak
intensity in the case of CdSe/CdS NPs 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, as its
thickness increases, resulting in a better matching of the
resonant conditions.

The importance of resonant conditions for the obser-
vation of this peak should be noted. The increase of
both the intensity and the width of the CdS-like peak
at shorter excitation wavelengths Aex. (Fig. 7) can be a
result of the inhomogeneity of the shell thickness among
the NPs.

More intriguing were results for CdSe NPs passivated
with ZnS. The typical Raman spectra for such structures
are shown in Fig. 8. The shell-induced Raman peak ob-
served for CdSe/ZnS NPs at almost the same frequency,
280 cm™!, as that of a CdS-like phonon in CdSe/CdS
NPs, was quite surprising. Indeed, the calculation of
the LO phonon frequency for a thin ZnS layer grown
coherently on a CdSe substrate gives a value of about
300 cm~!'. The downward shift by 50 ecm™' with re-
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spect to the bulk phonon frequency is due to the ten-
sile strain induced by a lattice mismatch of 11% be-
tween CdSe and ZnS [51]. However, in the case of the
growth on spherical NPs, the ZnS lattice has more free-
dom to relax the strain than in the two-dimensional case
and therefore cannot reach the frequency we observe —
280 cm~!. Therefore we cannot relate the observed fea-
ture at 280 cm ™! with the LO phonon of the ZnS shell.
We believe that it is more reasonable to relate this band
with Cd—S-like vibrations in the alloyed interface layer of
the Cd,Zn;_,Se;S;_, composition, in the general case,
which is formed as a result of the compositional inter-
mixing (interdiffusion) during the formation of the shell.

5. Synthesis and Optical Properties of
Ultrasmall White-Light Emitting
CdS, CdSe, and CdS,Se;_, NPs

Ultrasmall semiconductor nanoparticles or quantum
dots, with a diameter less than 2 nm, have become a
recent topic of intense investigations [6, 7]. First of all,
the interest is driven by their inherent broad photolu-
minescence (PL) spectrum, promising for applications
in the white-light emitting devices. Furthermore, the
nanoparticles of such small size are attractive as lumi-
nescent markers for those bio- and medical applications
where the nanoparticle size is a critical parameter con-
cerning the penetration of functionalized NPs through
the cell walls.
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The conjugation of NPs with bio-friendly polymers
in the process of NP synthesis is of particular signif-
icance, as it allows one to avoid the loss of the PL
intensity at the stage of ligand exchange and trans-
fer from organic to aqueous media [1]. Recently, we
have reported on the synthesis and the characteriza-
tion of ultrasmall (< 2 nm) CdS, CdSe and mixed
CdS;Se;_, NPs prepared in aqueous and alcohol solu-
tions of polyethyleneimine [52-54]. Polyethyleneimine
(PEI) is known to be a polyelectrolyte applicable in
the fabrication of thin-film NP-based light-emitting
devices, as well as an effective transfection agent
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in the intracellular DNA and the delivery of genes
[55].

In this work, the highly luminescent (with the quan-
tum yields up to 30% at room temperature) CdS,Se;_,
NPs with a broad (white-like) emission have been syn-
thesized directly in the solution of PEI used as both the
stabilizing and surface-passivating agent. The details of
the synthesis can be found elsewhere [52-54]. In opposite
to other kinds of colloidal II-VI NPs synthesized before
with the use of bio-compatible polymers as a stabilizer,
the PEI-stabilized NPs manifest the PL quantum yield
(up to 30%) and the concentration of colloidal particles

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 10



OPTICAL INVESTIGATIONS OF ULTRA-SMALL COLLOIDAL NANOPARTICLES

3.45eV

3.78 eV

Intensity, arb. un.

20 25 30 35
Energy, eV

4,0

45 50

Fig. 8. Normalized typical absorbance (curve 1) and PL (2) spec-
tra of colloidal PEI-stabilized CdS NPs in water. Dash lines: a
two-Gaussian deconvolution of the PL spectrum

(up to 50% of the polymer mass), at the smallest possible
size dispersion — 3-5%.

In the optical absorbance spectra of PEl-stabilized
CdS NPs (Fig. 8), two distinct features are observed,
FE, at 3.45 €V and FEs at 3.78 €V, shifted to higher ener-
gies by about 1.0 eV as compared to those in bulk CdS.
These features can be assigned to the 1S.-1S3/,, and
15,283/, interband transitions, respectively [26]. The
third feature at about 4.7 eV is also visible. The average
size of PEl-stabilized CdS NPs reported here was esti-
mated, based on the E; peak position in the absorbance
spectra (Fig. 1) [54], as d = 1.84+0.1. The spectral width
(FWHM) of E; peak, I'g, = 0.3 €V corresponds to a size
distribution of ~ 10%.

On the basis of X-ray patterns of PEI-stabilized CdS
NPs reported in [54], we could only conclude that
they are rather crystalline than amorphous. But, due
to the large width of the peaks, it was not possible
to distinguish between zinc-blend and wurtzite struc-
tures.

The optical absorption spectra of CdS,Se;_, NPs un-
der study (Fig. 9) reveal a smooth shift of the excitonic
peaks between those of pure CdS and CdSe NPs, with
their diameter d being almost unchanged, 1.8 £ 0.1 nm.
The observed F; peak energies and the pronounced sta-
bility of this particular NP size, even at a noticeable
variation of synthesis parameters, allowed us to attribute
our NPs to the sort of magic-size NPs (MSNCs) reported
by others [7]. Furthermore, the vibrational Raman band
of the NPs under study is very similar to that of the

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 10
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Fig. 9. Optical absorption spectra of CdS;Se;—,-PEI NPs under
study

CdSe NPs studied in Ref. [7], the latter NCs being the
magic-size ones undoubtedly (Cds2Ses2).

The Raman spectra of the MSNCs under study
(Fig. 10) reveal the main band centered well below the
regularly most intense Raman-active longitudinal opti-
cal (LO) mode and close to the frequency of the surface
optical (SO) mode reported as the low-frequency wing
of the LO peak [30, 33,37, 40]. The x-dependence of the
SO frequency is very weak (due to opposite trends of
LO and TO bands), similarly to that of Raman bands
in Fig. 10. The Raman bandwidth of CdS,Se;_,-PEI
NPs — 50 cm ™! — is also closer to that of the SO mode —
30-60 cm~! [33], than of the LO one — commonly 10—
15 cm™! and not exceeding 30 cm~! [40,41]. The dom-
inance of the SO mode in present 1.8 nm NPs with the
surface-to-volume atom ratio close to 1 appears rather
reasonable. However, in the previous study of CdSe NPs
in the d range from 4 down to 2 nm [40], we did not ob-
served a trend of the dominance of the SO mode with de-
crease in the NP size, with an almost constant intensity
ratio of ISO/ILO in the above size range, which mag-
nitude also correlates with the data for larger NPs [30].
Thus, a dramatic change of the ISO/ILO ratio in present
1.8 nm NPs may evidence that their structure is differ-
ent from that of NPs studied previously. The attempts
to measure the size and the shape of a single MSNC di-
rectly by electron microscopy were unsuccessful [54], ob-
viously due to the ultrasmall NP size and the charging of
the stabilizing polymer under the action of an electron
beam. The broad X-ray features for our MSNCs resem-
bled those of amorphous semiconductors. In opposite,

1087



M.YA. VALAKH, V.M. DZHAGAN, A.E. RAEVSKAYA et al.

@290cm'1

Intensity, arb.un.

100 150 200 250 300 350 400 450 500 550 600
v,cm'1

Fig. 10. Raman scattering spectra of CdS;Se;_, NPs under the
resonant excitation with 325- or 442-nm laser lines [58|

the weak broad feature at 550-600 cm ™! in the spectrum
of CdS-PEI NPs (Fig. 10) can be assigned to the LO
overtone which is common for crystalline II-VI semicon-
ductors [14, 24]. Though, the MSNCs may preserve, in
general, the structure of the corresponding bulk crystal,
the size of 2 nm may turn to be a critical one for propa-
gating lattice vibrational modes (phonons), and smaller
NPs may not support the long-wavelength LO mode.
The domination of under-coordinated atoms in 1.8-nm
NPs can cause the phonon density of states (DOS) to be
revealed in the Raman spectra, as in the case of amor-
phous or strongly disordered semiconductors. The simi-
larity of the phonon spectra in MSNC and an amorphous
material can be due to that the MSNC size is close to
the short-range order distance in the amorphous state
— ~2 nm for II-VI compounds under study. The Ra-
man band of present CdSe MSNCs is indeed close to the
phonon DOS profile calculated for CdSe nanowires with
d = 2 nm [56]. The reduction of the TO-LO splitting
in ultra-small clusters, proposed in Ref. [57], can also
contribute to the broadening and the downward shift of
the phonon band.

In addition to the above-discussed effects, the distor-
tion of bond lengths and angles due to the minimization
of the NP energy and a noticeable change of the elas-
tic properties can also contribute to both the frequency
shift and the broadening of the vibrational Raman peak
[58]. Raman measurements performed on CdS,Se;_,
NPs of about twice larger size, obtained by their ripen-
ing at room temperature, revealed much narrower Ra-
man peaks [59]. The latter fact also indicates that the

1088

initially large Raman band width is related to the small
NP size (< 2 nm), rather than to their poor crystallinity.

6. Conclusion

In conclusion, semiconductor nanoparticles and core—
shell nanoparticles based on II-VI semiconductor com-
pounds have been prepared and studied by means of op-
tical absorption, photoluminescence, and Raman scat-
tering spectroscopy. The effects of the strong confine-
ment of charge carriers and lattice vibrations in these
small (< 3 nm) semiconductor nanoparticles have been
observed. The noticeable influence of the passivating
shell onto the optical bandgap, spectral position, and
intensity of photoluminescence has been found. The ap-
pearance of a new feature in the Raman phonon spec-
trum of core—shell NPs is related to the compositional
intermixing at the core-shell interface. The drastic differ-
ence in resonant Raman spectra of ultra-small (< 2 nm)
nanoparticles is referred to both the strong spatial lo-
calization of vibrations in NPs and their structural rear-
rangement due to the surface effect.
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OIITUYHI JOCJIIIYKEHHS

HAIMAJINX KOJIOITHUX
HAHOYACTUHOK HAIIIBIIPOBIIHNKIB
AsBg TA TETEPOYACTUHOK HA IX OCHOBI

M.4. Banazx, B.M. /owcazan, O.€. Paescvra, C.5. Kyumit
PeszmowMme

Hanouacrnaku (HY) manienposinaukis AsBg Ta HY Tumy sapo—
060JI0HKa, OTPUMaHi METOJOM KOJIOITHOI'O CHUHTE3Y, JOCJIiIKEHO
METOJAMH CIIEKTPOCKONII ONTHYHOIO IOIVIMHAHHSA, (POTOIOMIiHE-
cuennii Ta komGinaniitnoro poscisuua ceitia (KPC). Posrusany-
TO e(eKTH CUIIBHOI'O IIPOCTOPOBOTO OOMEXKEHHsI HOCIIB 3apsiLy Ta
kosmBaHb rpatku B HY masoro posmipy (> 3 uwm). Beranosie-
HO BIUIMB I1aCHUBYIOYOl OOOJIOHKM Ha IIUPHHY 3aODOpPOHEHOI 30HH,
criekTp doToFOMIHECTEHIIIT Ta (POHOHHUI crieKTp. BusiBiieno cyr-
TeBi BigMminnmocTi y kommBHOMy cmekTpi pesonancmoro KPC na-
avannx (< 2 am) HY, mo noB’s3yeTbes 3 CHIIBHAM IIPOCTOPOBUM
0OMEKEHHSIM KOJUBHHUX 30ymkenb y mux HY Ta ix cTpykTypHOIO
11epeby10BOI0, 3yMOBJIEHOIO BIIJIMBOM IIOBEPXHi.
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